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ABSTRACT
Among foodborne pathogens, Listeria monocytogenes is
one of the most resistant to food processing,
irradiation.

including

USFDA approval for irradiation of processed

meat and seafood products likely to contain Listeria spp.
is

<3

kGy

gamma

radiation.

The

incidence

of

monocytogenes in food products varies between 5-30 %
at levels

<104 CFU/g.

L.
and

With the capacity of this bacterium

to multiply at refrigeration temperatures and the zero
tolerance level mandated by the USFDA it becomes imperative
to maximize the efficiency of the irradiation process.

The

first purpose of this study was to determine if initial
cell

concentration

irradiation

and/or

influences

temperature

the

at

radiosensitivity

time

of

of

L.

monocytogenes. Secondly, to determine whether split dose
application would effect the radiation response of this
bacterium.

Concentrations of 103, 106 and 109 cfu/ml of L.

monocytogenes Scott A, were suspended in tryptic soy broth
and exposed to 0-5 kGy gamma(1.25 MeV) radiation at 20, 4,
and -80°C. Split doses were applied in equal portions to
initial cell concentrations of 106 and 109

at the same

temperatures. Surviving cells under the various conditions
were enumerated and irradiation D-values were calculated
from linear regression curves. At all temperatures, cell
concentrations of 103 CFU/ml were reduced to non recoverable
x

levels with 2 kGy gamma radiation. The irradiation D-value
of 0.43 kGy for frozen (-80°C) cultures of 106 CFU/ml

was

significantly lower (p <0.05) than the D-values (0.58 and
0.62 kGy) for the same cell concentration at the other two
temperatures (20° and 4°C, respectively). For higher cell
concentration of 109 cfu/ml,

a D-value of 0.42 kGy was

obtained for both 4°C and -80°C these were significantly
lower (p <0.05) than 0.50 kGy for 20°C suspensions. With
both cell concentrations, the lowest D-values were obtained
when cells were irradiated in the frozen state indicating
a that primary cell damage was due to direct effects of
irradiation.
fractions

Split doses of 1 and 2 hours time between

approached

the

generation

times

bacterium and were significantly reduced at 20°C.

for

this

However,

there was no consistent trend in reductions at 4° or -80°C.
Split dose application of irradiation to food pathogens
should be further explored.

CHAPTER 1
INTRODUCTION
Issues

of

food

safety

have

received

increased

attention by food scientists and food technologists during
the 19908s.

In the United States alone, the societal cost

of foodborne illnesses resulting in loss of productivity
and medical expenses has been estimated at $5-6 billion
annually

(FCN,

1993).

Among

the

causative

agents

is

Listeria monocytogenes, with an estimated 1,500 cases/year,
a 26% death rate, and a $200 million loss related to this
bacterium.

The documented increase in pathogenic organisms

present in the raw food supply (poultry, fish, red meats,
etc.) has renewed interest in developing more effective
preservation and

processing methods which can reduce the

risk of illness due to these infectious agents.
The source of pathogens entering the food supply are
varied. Pathogenic bacteria are naturally present in the
agricultural and aquatic environments and are thus present
in and on the various commodities.

During food processing,

microorganisms are deposited on equipment,

rinsed

into

drains, splashed onto walls and ceiling, and are generally
disbursed throughout the processing environment.
poor

sanitary

practices,

workers

may

also

Due to
introduce

pathogens into foods. Methods designed to reduce the risk
of contamination of food products follow Good Manufacturing
1

Practices

(GMP)

of

sanitation

(FSIS,

1992) .

Good

Manufacturing Practices at the farm level are designed to
improve food hygiene and reduce food losses (FSIS, 1992).
Good Maufacturing Practices at the manufacturer level are
being

improved

through

Analysis

Critical

standard

and

the

Control

rapid

implementation

Point

microbial

(HACCP)

monitoring,

of

Hazard

documentation,
and

periodic

surveys for pathogens in agricultural environments (USFDA,
1994) .
Foods are commonly thermally processed (hot or cold),
packaged to limit contamination or treated with chemical
preservatives.

To date gamma irradiation processing has

been approved for a variety of food products in the United
States including dry spices, poultry, pork, grains, fruits
and vegetables.

Seafood and beef

are expected to be

approved for irradiation processing in 1994/95.
of irradiation processing include

Advantages

lengthening of fresh

storage life, reducing the risk of foodborne disease, and
reducing or eliminating the use of chemical fumigants and
preservatives.
to

an

Disadvantages include transporting product

irradiation

facility,

additional

expense,

and

consumer acceptance of the process and potential sensory
changes (Everett, 1994) . Expense has proved to be minimal
and consumer acceptance through education is improving.
Many bacteria, including spoilage microorganisms and

Vibrios,

are sensitive to minimal

radiation processing

(<lkGy). However, some food pathogens, such as Listeria,
bacterial spores and viruses have proved to be much more
resistant.

Some of the characteristics known to affect

radiation sensitivity of bacteria

include the chemical

composition of cell wall, enzyme metabolism,

and oxygen

requirements.

Listeria monocytogenes as a gram positive

organism,

a

has

facultative

radiation

anaerobe,

and

resistant
produces

cell

wall,

enzymes

is

a

(catalase,

superoxide dismutase, etc.) capable of blocking many of the
radiolytic compounds (hydrogen peroxide, hydroxyl radical,
hydrogen radical, etc.) produced during ionization of water
and oxygen.

Listeria

is

an ubiquitous

bacterium

and

therefore is commonly found in or on raw food commodities.
The

resistance

of

L.

monocytogenes

to

irradiation

processing was demonstrated by several studies conducted at
Louisiana
Grodner,

State University from 1989-1992
1992; Juneau,

1989).

tailmeat, inoculated with

(Andrews and

Irradiation of crayfish

high concentrations (107 CFU/g

Listeria) were found to require >2 kGy gamma radiation to
assure a safe reduction of this bacterium

(Andrews and

Grodner, 1992). However, the sensory quality of crayfish
tailmeat irradiated at this level or higher was found to be
adversely affected with toughening and drying of the meat.
The

proposed

question

then

was:

Could

a

method

of

irradiation

be

developed

that

would

reduce

the

total

irradiation dose necessary to significantly reduce the risk
of L. monocytogenes in food products?
A radiation treatment method used for the destruction
of cancerous tissue and shrinking tumors has been to split
or fractionate the total radiation exposure into small
doses given over several days or weeks.

Fractionated or

split dose application of irradiation has been successful
in treating tumorous tissue with minimal damage to healthy
tissue surrounding the tumor (Alper, 1979,) . Consequently,
it was proposed and subsequently became the purpose of this
research to compare the use of split or fractionated doses
to

single dose

applications

monocytogenes in broth culture.

of

gamma

radiation

to L.

CHAPTER 2
REVIEW OF LITERATURE
2.1

Radiation Processing
A.

Terminology and Energy Sources

Radiation "refers to a physical phenomenon in which
energy travels through space or matter" (Radomyski et al.,
1994).

Irradiation,

used

in

food

science,

is

the

application of this energy to a specific material, such as
a food product, with the purpose of increasing the storage
stability

through

the

reduction

of

microorganisms,

elimination of parasites or insects or to block enzyme
activities.

Irradiation may also be used to reduce the

risk of foodborne illness.

For preservation of foods, the

type of radiation applied is called ionizing radiation
because it produces electrically charged ions as the energy
interacts

with

target

penetrating ability,

molecules.

sources of

Due

to

their

high

ionizing radiation for

irradiation of food products have included gamma rays,
electron

beam,

and

x-rays.

cobalt-60,

a

radioactive

isotope, is the most popular and common gamma ray source
used on food products.

Cobalt-60 sources are produced in

the shape of metal pencils or rods encased in a stainless
steel jacket and as such provide convenience and safety in
their use and storage. Electron beams are produced by Van
de Graaff generators or linear accelerators powered by
5

electricity. Electrons are less penetrating than gamma rays
but can be useful for irradiating large volumes of small
food items by conveyor,

such as grains or

meats (Radomyski et al., 1994).

prepackaged

The International System

of Units has developed the term "Gray"(Gy) to refer to the
quantity of radiation energy absorbed by a material such as
a food. In terms of energy, a Gray is defined as a "dose of
one joule per kilogram of absorbing material" (Radomyski et
al.,

1994).

The relationship

between

the Gray

and

an

earlier unit of absorbed dose, the rad (radiation absorbed
dose), is that one Gy equals 100 rads.
Investigations

of

food

irradiation

over

several

decades has led to a general consensus regarding the dose
requirements for application of radiation to food products.
High doses, >10 kGy, are designed to sterilize food; medium
doses, 1-10 kGy, exert a pasteurization type effect with
extension

of

effectively

shelf-life;

and

low

doses,

<1

kGy,

control infestation by parasites and insects

and delay senescence in most fresh fruits and sprouting in
vegetables (Radomyski et al., 1994).
B.

Historical Development

Food irradiation was proposed as a method to destroy
microorganisms in food shortly after Roentgen discovered xrays in 1895 and Becquerel's discovery of radioactivity in
1896 (Hackwood,1994).

As scientists began experimenting

with radioactive materials, a practical use for irradiation
to destroy the parasite Trichinella spiralis in meat was
patented by Schwartz in 1921 (Hackwood, 1994) . In 1930, the
French patented the use of food irradiation using x-rays to
destroy pathogenic bacteria (Josephson and Peterson, 1982) .
Immediately after World War II, improved ionizing radiation
sources became available and a wide range of food products
were subj ected to and were shown to be preservable by
short-term exposure to irradiation sources
Andrews,

(Grodner and

1991). The Low Temperature Research Station at

Cambridge,

England

(Hackwood,

1994)

began work on food

irradiation in 1948 and in the mid 1950s, the United States
Army

Quartermasters

irradiation.
approved

In

Corps

May

1953,

became

interested

in

the

Quartermaster

food

General

a five (5) year, $6 million program for use of

ionizing radiation processing to improve the acceptability
of military field rations (Josephson and Peterson, 1982).
Then in 1954, President Eisenhower established the 'Atoms
for Peace' policy
toward

meeting

calling for international cooperation

that

goal

(Hackwood,

1994).

Under

the

supervision of the Atomic Energy Commission (AEC), research
contracts

were

negotiated

with

several

food

research

institutes and universities (Josephson and Peterson, 1982).
"Before

1959,

many

of

the

radiation

experiments

were

carried out with spent-fuel rods from nuclear reactors.

Even the Quartermaster Food and Container Institute in
Chicago did not possess a Cobalt-60 source.

All samples

were irradiated in the spent-fuel rod source at the Argonne
National Laboratory, Lemont, 111." (Josephson and Peterson,
1982).

Then

in January,

1963

the United

States Army

established the Radiation Laboratory at the Army Natick
Laboratories, Natick, Mass. (Josephson and Peterson, 1982).
Irradiated bacon was the first irradiated food in the
world approved (1963) for sterilizing dose levels of 4.5
Mrad (45 kGy) and in the same year the United States Food
and Drug Administration (USFDA) also granted clearance for
irradiating

wheat

irradiation

of

for

white

(Josephson and Peterson,

insect

potatoes
1982).

to

disinfestation
inhibit

and

sprouting

Between 1963 and 1980,

numerous projects were undertaken throughout the world

to

establish the effectiveness of irradiation processing, the
wholesomeness of irradiated foods, and the application of
ionizing radiation.

These included use of irradiation to

reduce the use of certain food additives that may present
health risks, such as nitrites and fumigants.

Approval by

the USFDA for use of ionizing radiation on food products in
the United States has been slow to develop.
Congress

officially

classified

irradiation

The U.S.
as

a

food

additive under the Food, Drug, and Cosmetic Act of 1958.
Subsequently,

any

food

product

undergoing

irradiation

treatment was to be tested for wholesomeness.

In 1980,

both the USFDA and the World Health Organization (WHO) of
the United Nations accepted foods
average

dose

toxicological

of

10

kGy

hazard,

nor

as

irradiated up to an

neither
introducing

presenting
any

any

special

nutritional or microbiological problems and thus were "safe
for human consumption" (Urbain, 1989; Hackwood, 1994). This
declaration

allowed

for

modification

of

the

need

for

wholesomeness testing only for products exposed to doses of
>10 kGy. In 1983, the Codex Alimentarius Commission adopted
a revised "General Standard for Irradiated Foods" and a
revised ’Recommended International Code of Practice for the
Operation of Radiation Facilities Used for the Treatment of
Foods’ which incorporated the main conclusions of the 1980
Joint FAO/IAEA/WHO Expert Committees on the Wholesomeness
of Irradiated Foods (Hackwood, 1994). As of this writing,
37 countries have approved irradiated foods (Radomyski et
al., 1994).

The majority of these countries are now using

food irradiation to insure the storage and safety of a
variety of food products. In more than 30 years of intense
studies there has been no confirmed evidence of toxic
substance produced in low-dose irradiated food products
(IFT, 1983).
C. Application to Food Products
There are three approaches to the use of radiation in

10
food products: low doses, up to 1 kGy, to inhibit sprouting
and delay fruit ripening,

medium doses,

1-10 kGy,

for

partial destruction of microbial flora reducing the risk of
food pathogens and increasing shelf life, and high doses,
>10 kGy, needed for complete destruction of microorganisms
to achieve sterility of a particular food product.

In

addition to the three levels of radiation application, the
following

"trade

general ranges

type names

have

been given

to

these

that relate more to the desired function

than the actual dose level per se" (Satin, 1993).
1. Radurization

Radurization refers to treatment of foods with a
dose of ionizing radiation sufficient to lengthen
shelf-life by reducing the initial number of
spoilage organism prior to or immediately after
packaging.
This amount varies with individual
food products as spoilage conditions and storage
conditions
change
with
each
commodity.
Radurization doses are usually considered low
dose, <2 kGy.
2. Radicidation

Radicidation
is
the
irradiation
treatment
required to sufficiently reduce the level of non
spore-forming pathogens, including parasites, to
an undetectable level thus reducing the risk of
food borne illness to near zero. This level of
irradiation is generally considered in the medium
range, <5 kGy, and may vary depending on the
product and possibly suspected pathogens.
3.Radappertization

Radappertization
is the highest
level
of
irradiation processing required to achieve a
point of sterility in a food product.
This
application allows for shelf stability at ambient
temperatures much as "canning" or "aseptic

11
packaging". Doses required for radappertization
generally are >10 kGy for most food products.
(Anderson, 1983)
D. Radiobiology
1. Radiation Chemistry
The characteristic property of high-energy radiation,
such as gamma rays, is to cause ionization in the material
in which the radiation is absorbed. Atoms or molecules
which

have

gained

electronic

energy

electrons are termed electronically
(Urbain,

1986).

without

losing

excited or "excited"

These excited atoms or molecules are

highly reactive and can cause random chemical changes when
atoms

actually

lose

electrons,

and

become

positively

charged, they are ionized. Since the ions and excited atoms
contain

additional

energy

they

are

unstable

and

are

reactive.
Upon being exposed to ionizing radiation, random water
and organic molecules are altered.

Water is ionized and a

hydrated electron is produced along or adjacent to the
"track" of radiation energy (Silverman, 1983).

H20

In

further

reactions,

» »

H20+

+

the positive

electron can follow these reactions:
H20+ -- > OH + H+

e'

water

ion

and the

12
e + H20 -- > OH-

H20 » »

Free radicals,

+ H

H + OH

atoms or molecules having at least one

unpaired electron, formed in solution can then recombine to
form hydrogen gas, hydrogen peroxide or water as follows:
2H- —
2 O H

> H2
> H202

H + 0 H -- > H20

Other molecules may also be formed.

In other portions of

the track where diffusion occurs, the radicals may react
with solute and the extent of the reactions are solute
concentration dependent (Silverman, 1983).

In the presence

of oxygen, more hydroperoxyl radical (H02) may be formed.
The hydrogen peroxide molecule and the hydroperoxyl radical
may then act as oxidizing or reducing agents.

Acting

randomly, ionization products form new compounds and free
radicals that may themselves cause indirect actions by
recombining or forming new compounds.
2.

Biological Effects (Direct and Indirect)

Radiobiology, the study of the effects of radiation on
biological systems,

begins at the cellular level where

bacteria and the tissue cells of higher organisms display

similar responses when exposed to ionizing energy such as
gamma rays (Alper,1979).

Primary chemical reactions occur

as a direct result of absorber compounds acquiring energy
through

interaction

with

radiation

(Urbain,

1986).

Additionally, indirect chemical reactions occur when the
primary products of radiation interact with themselves or
with other components in the system.

Free radicals are

common constituents of food systems and are produced by
thermal energy as well as radiation energy.

Free radicals

are highly reactive chemically and can combine with other
free

molecules

resulting

in

a

variety

of

different

compounds.
Cellular (target cell) damage caused by the direct
action of ionizing radiation on a target molecule is a
result

of

energy

being

transferred

molecule itself (Silverman, 1983).
contrast,

inactivate

within

the

target

Indirect effects, in

the organism by diffusion

to,

or

reacting with, a sensitive target site within the organism.
Diffusion distances vary with the temperature and
within

the

system.

environmental
radicals

and

Another

(Silverman,
other

type

1983),

of

effect,

of

radiolytic

free radicals

cause

termed

may be caused by free
compounds

extracellularly but still lethal to the cell.
species

density

formed
Reactive

radiation damage

to

a

biological system by attacking molecules within the cell or
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through

oxidation

hydroxyl radical
oxidizing

agent

of

cell

wall

extracellularly.

The

is believed to be the most effective
and

can

extract

a hydrogen

atom

from

deoxyribonucleic acid, DNA,, leaving a radical site on the
DNA (Johns and Cunningham, 1983b) .
Ionizing radiation can cause a variety of physical and
biochemical

effects

in microorganisms with the primary

cellular target being DNA (Silverman, 1983; Kelner 1955;
Urbain,

1986; Josephson and Peterson,

1983). Sparrow et

al.,(l967) correlated the radiosensitivity of 79 organisms
ranging from viruses to higher plants and animals with
their chromosome volume.

In this study, the larger the

volume of the chromosome, the more sensitive the biologic
unit

was

to

molecular

damage

by

ionizing

radiation.

Appreciable differences in radiosensitivity appear more
likely to be due the ability of the particular organism to
repair DNA damage

(Silverman,

1983).

Among bacteria,

radiation sensitivities are also quite varied.

Vegetative

bacteria are generally more sensitive than spores because
vegetative
contain

bacteria

more

water.

are

undergoing

Gram-negative

active

growth

bacteria

are

and
more

sensitive than gram-positive bacteria due to differences in
cell wall density and enzymatic repair mechanisms.
3. Bacterial Response
The

response

of

cells

or

bacteria

to

radiation

exposure has been measured
growth

characteristics,

functionality.

in several ways;

genetic

changes,

survival,

and

general

In food science, the cellular response of

interest is measured by cell survival from sublethal doses
and complete cell death from inactivation doses.
(1955)

discusses

the

stages

of

cellular

Kelner

response

by

dividing them into three periods: a beginning, a middle,
and an end.

"The beginning period includes the instant of

irradiation,

the

primary

reactions,

ionizations,

excitations." The beginning period being when the initial
direct chemical reactions occur with the formation of free
radicals and excited ions, approximately 10'16sec.

This

period does not include cellular response but rather only
refers to the formation of radiolytic products. "The middle
period is all that time after the primary reactions and
before the end effects are measurable" (Kelner, 1955).
is

during

the

middle

period

that

indirect

reactions occur which lead to an end result
the cell.

It

chemical

or response of

"During this stage the cell is in an unusual

physiological state,for approximately lO^sec, characterized
by an inhibition of certain syntheses, desoxyribose nucleic
acid, and adaptive enzymes", and other nuclear functions.
There

is

an almost

complete

cytoplasmic functions.

absence

of

alteration

of

The duration of the middle period

will vary with environmental factors of temperature and
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medium

(menstruum).

Finally,

the third period or "end

period" is where a measurable response is exhibited; cell
death,

altered

growth

pattern,

and

DNA

damage.

When

measuring irradiation response of food spoilage bacteria
and

food

survival

pathogens,

food

scientists

generally measure

of the bacteria under differing environmental

conditions (food matrices, temperatures, moistures, etc.)
following varying radiation exposures.
4. Survival Curves
The destruction of bacteria during irradiation may be
characterized by their survival curves (Silverman, 1983).
" In a given population of bacteria or microorganisms, as
radiation dose is increased,
becomes smaller"
obtained

by

(Urbain,

graphing

the

fraction versus the dose.

the fraction of survivors

1986).

This relationship is

logarithm

of

the

surviving

In the concept of the "target

theory", the response of organisms is directly proportional
to the dose applied and can be plotted as a straight line
exponential curve. Further, the target theory states that
only direct effects can cause cellular damage.
reality,
fact,

However, in

this theory is not supported by research.

some bacteria exhibit,

at low doses,

threshold or shoulder on the survival curve,

In

an initial
termed as

convex, sigmoidal, multihit or multitarget, with the curve
becoming exponential at higher doses (Silverman 1983) . The
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third

type

of

survivor

plot

has

been

described

for

"microbial populations that are nonhomogeneous with regard
to resistivity"

(Silverman,

demonstrates that
first,

leaving

1983).

This concave curve

less resistant cells are inactivated

the

more

resistant

cells

to

survive

sublethal doses and to graphically "tail out" at higher
doses.
5. D-Values
Food

processing

methods

have

been

designed

from particular

to

eliminate

specific microorganisms

products.

One measure of the effectiveness or efficiency

of a particular process application is the D-Value.

food

In

thermal processing, the D-Value(D10) is the time required,
at

a

specific

microbial

temperature,

population

by

to

90%(1

reduce

the

log).

designated

The

irradiation D10 is also used to provide an

D-Value

or

estimate of the

dose needed for a similar quantitative effect in radiation
processing

and

to

provide

an

index

of

sensitivity of a bacterium (Urbain, 1986).

the

radiation

An irradiation

D-Value is usually calculated from the linear portion of
the

bacterial

semi-log

survival

plots.

It

is

the

irradiation dose required to reduce the bacterial cell
population to
regression

10%

of

analysis,

regression curve.

the

original (Di„) .

the

D-Value

=

Using

1/slope

linear
of

the

Irradiation

D-Values

vary

among

microorganisms

depending on their sensitivity to the effects of ionizing
radiation, the environment during radiation exposure, and
their ability to repair and recover from sublethal damage.
Vegetative

bacteria

are

more

sensitive

to

ionizing

radiation than bacterial spores. For example, Urbain (1986)
reported

the

following

D-Values:

Escherichia

coli

demonstrated a varying D-Value from 0.21 kGy in broth at 5°C
to 0.43 kGy in low fat ground beef at 5°C; Staphylococcus
aureus has reported D-Values ranging from 0.24 kGy in broth
at 5°C to 1.9 kGy in shrimp
Clostridium botulinurn

(temperature unknown) ; and

Type E has reported D-Values of 1.2

kGy in beef stew at room temperature.
6. Sublethal Repair and Recovery

Many types of damage can contribute to cell death;
however, most of the information available at this time
indicates

that

damage

to

the

DNA

is

most

critical

(Josephson and Peterson, 1982). In addition to direct hits
on the DNA, it is possible to have indirect effects from
radiolytic products that may cause sublethal damage to
cells.

Many bacterial cells have demonstrated the ability

to block toxic free radicals by enzymatic action such as
catalase or peroxidases, while others may repair sublethal
damage to metabolic

enzymes

through DNA activity.

ability to block or bind up harmful

free radicals

The
is

dependent on the bacterium's general metabolism and may be
related to its general vitality and pathogenicity. Virulent
stains of bacteria

such as Listeria monocytogenes produce

enzymes that block the action of phagocyte activity during
tissue invasion. Farber and Peterkin (1991) discuss the
ability

of

Listeria

monocytogenes . to

produce

high

concentrations of catalase and superoxide dismutase during
active

growth.

These

two

enzymes

are

capable

of

detoxifying the effects of hydrogen peroxide, superoxide,
and

hydroxyl

radicals

(Farber

and

Peterkin,

1991).

Activated phagocytes produce these toxic compounds as a
defense mechanism to rid the body of invading bacteria.
These same compounds, hydrogen peroxide, hydroxyl radicals
and superoxide, are also the major toxic secondary products
of the

ionization of water

and oxygen

Peterson, 1982; Urbain, 1986).

(Josephson

and

Therefore, it is probable

that highly virulent bacteria will have the same resistance
to many radiolytic products that they have for activated
phagocytes.
of

bacteria

Several researchers have reported the recovery
following

several days storage.

irradiation

processing,

after

Andrews and Grodner (1992) reported

that 107 colony forming units(CFU)/g L. monocytogenes in
crawfish

tailmeat

was

able

to

recover

from

sublethal

irradiation damage. The bacterium was not recovered during
subculture immediately following 4 kGy gamma radiation but

was recovered after 7 days storage at 4°C.

Juneau (1989)

reported similar results when irradiating L. monocytogenes
in crab meat.

Grodner and Guitierrez,

(1992) presented

similar data for Plesiomonas shigelloides in shrimp and
clams;

Plesiomonas

shigelloides

was

not

recovered

immediately after irradiation with 3 kGy but was recovered
after 1-2 weeks of ice storage.
(1982)

Josephson and Peterson

discuss the ability of some bacterial cells to

quickly rejoin breaks in the DNA especially under anoxic
conditions. These authors suggest the ligase activity of
bacterial cells is active in this repair process.

No doubt

there are many more molecular processes at work that allow
some bacteria to actively use enzyme systems for repair and
recovery in a toxic environment such as that produced
directly or indirectly from gamma radiation processing.
E. Factors Affecting Radiation Sensitivity of Bacteria
1. Menstruum (Medium) Composition
a.

Water Content - The amount of water present in

foods plays a significant role in how readily bacteria
respond to exposure to

ionizing radiation (Urbain, 1986).

In an aqueous solution, ionizing radiation first encounters
water molecules to form ionized water,
hydroxyl radicals, etc.

hydrated electrons,

These secondary products, in turn,

react by combining with other compounds blocking normal
cell function.

When water activity is low as in dry foods,

frozen state, or high salt and sugar, indirect effects of
radiolytic products is minimal and the radiation resistance
of bacteria is increased. Researchers have demonstrated a
direct relationship between water content

and rate

of

inactivation by radiation: Stapleton and Hollaender (1952)
showed that reduction of the water content of spores of the
fungus Aspergillus terreus reduced the fraction of cells
inactivated per unit dose; Bruns and Maxcy (1979) showed a
protective

effect

Moraxella sp.
of

resulting

from

lyophilization

of

with extension of the shoulder or threshold

response.

These

researchers

also

concluded

that

radiation sensitivity in the dry state was not temperature
dependent.
b.

Food Component - Food components other than water

also affect the radiation response of bacteria
1986).
with

The individual food
bacteria

for

(Urbain,

components actually compete

interaction with

active radiolytic

products that are produced during ionization of water.
The degree of complexity of any food matrix
and the application of D10

values

is individual

for an

irradiation

process must be established for each combination of food
product and bacterium of interest,

much as in thermal

processing methods. Examples of research that support that
food components may offer protection for bacteria include
the following: Patterson (1989) found lower D-values for

four strains of L. monocytogenes irradiated in phosphate
buffered

saline

(D-value

range

=

0.39-0.46

kGy)

when

compared with the same bacterial strains irradiated on
poultry meat (D-value range = 0.42-0.54 kGy); Huhtanen et
al., (1989) irradiated seven strains of L. monocytogenes in
culture media and in mechanically deboned chicken meat.
Their data provided additional support for the protective
effect of a food matrix with higher D-values reported for
all strains when irradiated in chicken meat (D-value range
= 0.41-0.53 kGy) than in BNT (buffered nutrient trypticase
soy broth with glucose) culture medium (D-value range =
0.28-0.34

kGy);

significantly

higher

monocytogenes
0.44 kGy)
trypticase

Farag

et

al.,

radiation

(1990)

reported

resistance

for

a
L.

strain CFPDC in dry poultry feed (D-value =

than in phosphate buffer(d-value = 0.18)
soy

broth

(D-value

=

0.21).

or

Comparing

irradiation responses of bacteria in different menstruum
whether

in

culture

indicated that

media

or

food matrices

food,
offer

has

consistently

some protection to

bacteria. Note that differences in recovery techniques by
different researches may account for some variations in Dvalues reported from study to study.
c.

pH - The pH of the medium of gamma radiation has

been reported to affect free-radical formation

as it

relates to the radiolysis of water and consequently may

affect the indirect action (Urbain, 1986). Specific studies
have reported varying results with different bacteria and
whether the bacteria were vegetative

cells

or spores.

Urbain (1986) supports the theory that medium pH influences
the radiation resistance based on a study with Clostridium
botulinum 33A spores.

The spores, irradiated with 9 kGy at

-50°C, were most sensitive at a pH of 7 and least sensitive
at a pH of 8 or higher.

Bridges and Horne (1959) reported

that resistance to radiation was highest at neutral pH with
Staphylococcus
Pseudomonas

aureus

but

geniculata

Bacillus subtilus.

reported

vegetative

no

difference

cells

or

with

spores

of

Other research was reviewed by Duggan

et al., (1963) and the consensus of these studies on the
effect of menstruum pH on the rate of gamma radiation
destruction of bacteria was that the rate of kill was
independent of pH.

Indirect action of irradiation may be

influenced by pH in a food matrix.

"The pH effect is a

consequence of protonation and deprotonation of various
functional groups of the solute molecules and the free
radicals” (Josephson and Peterson,

1982) .

It is likely

that factors such as temperature and the ability of a
particular
combine

to

bacterium
influence

to

recover

the

from

effect

of

sublethal
pH

on

damage

bacterial

radiosensitivity.
d.

Oxygen

- The

presence

of oxygen

enhances

the

indirect

action of gamma

biological

system

radiation by sensitizing

(Johns

and

increasing the effectiveness

Cunningham,

1983b)

the
by

of the radiation damaging

processes and thereby lowering D-Values

(Urbain,

1986).

"The first evidence for a modifying effect of atmospheric
conditions

(02)

on

the

sensitivity

of

irradiated

microorganisms" was presented in the early 1940's (Kelner,
et al., 1955).

Several researchers since have shown an

increased resistance of microorganisms to gamma radiation
by removing oxygen to create a microaerophilic or anaerobic
environment.
sensitivity

Serratia marcescens demonstrated increased
to

X-rays

concentration in the
Boag, 1959).

with

an

increase

irradiation atmosphere

in

oxygen

(Dewey and

At less than sterilizing doses (0.2 kGy), the

sensitivity of dry spores,

as measured by recovery and

vegetative growth, were found to be 1.25 times greater
when X-rays were administered in air than when irradiated
in the absence of oxygen (Powers and Boag, 1959).
al.,

(1968)

reported

Epp et

that electron beam radiation of

Escherichia coli was most effective under 100% oxygen with
gradually increased resistance as oxygen concentration was
reduced.

Thornley

(1963.)

found that Di0 values were

approximately three fold higher when various strains of
Salmonella

were

irradiated

under

anoxic

conditions

compared with irradiation under aerated conditions.

as
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2. Conditions During irradiation
a.

Temperature

irradiation

processing

- Whereas

the

(ionization

primary

and

effects

electronic

excitation) are independent of temperature (Urbain, 1986),
the role of temperature on the secondary indirect affects
has been found to be significant. As temperature decreases,
free radical movement throughout the irradiation menstruum
also decrease.

With less movement at the molecular level

the opportunity for the formation of secondary radiolytic
products diminishes.

When

food

irradiation was

first

introduced to the public as a means of preservation (1947),
workers

stressed

the

importance

of

reducing

undesired

chemical changes by irradiating foods at temperatures of
-40°C or lower.

Other authors have reported no quality

protection by using subfreezing temperatures (Josephson and
Peterson,

1982). Work conducted at the Low Temperature

Research Station at Cambridge, Mass provided evidence for
quality protection at cryogenic temperatures between -20°C
and -196°C, but that freezing at temperatures just below 0°C
afforded

less

purposes,

sensory

protection.

For

sterilization

freezing to protect the sensory quality

and

reduce chemical change should be considered (Josephson and
Peterson,
temperature
effect,

1982).
of

Ma

and

irradiation

Maxy

(1981)

influences

but that the differential

reported
the

that

bactericidal

is greater for some

of

bacteria

than

reported

for

others.

certain

species

Matsuyama
of

et

bacteria

al.,

(1964)

(Pseudomonads,

Streptococci, Escherichia coli, and Alcaligines) were more
sensitive to irradiation at 13°C than at -79°C.

The D-

Values of Streptococcus faecium were increased from 0.09 to
0.38 when the temperature of irradiation was reduced from
5°C to —196°C (Anellis et al., 1973).
noted

that

inactivation

"the

preexponent ia1

curves

was

Bruns and Maxy (1979)

portion

longer

(shoulder)

when

of

Micrococcus

radiodurans" and other typical food spoilage organisms were
irradiated at -30°C than at above freezing temperatures.

Ma

and Maxy (1981) reported a greater temperature effect in
liquid

media

than

with

lyophilized media

due

to

decreased availability of water in the dry media.
et

al.,

fraction

(1955)
of

reported

cells

significant

inactivated

per

reduction
unit

the

Kelner
in

dose

the
when

Escherichia coli was irradiated at -196°C as compared with
ice bath temperatures.
b.

Cell Concentration - Under controlled atmospheric

conditions Bridges and Horne (1959) reported that survival
curves for a given microorganism were independent of the
initial number of cells.

This was supported by previous

research (Kelner et al., 1955) where an apparent protective
effect was negated when oxygen was supplemented to a normal
atmospheric level. Some researchers have reported that the
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presence of other microorganisms such as spoilage bacteria
or large numbers of a single species of bacteria may
provide a protective effect for some of the microorganisms
in the medium of irradiation

(Grodner,1992; Anellis et

al.,1973).

whether

It

is

not

clear

this

so

called

"protective effect" is real or a product of other changes
in the irradiation environment such as oxygen depletion as
mentioned above.
c.
in

Dose Rate - "Whether there is any dose-rate effect

bactericidal

(Hayashi, 1991).
levels

of

effect

is

controversial"

When bacteria are subjected to sublethal

ionizing

biomolecules

of radiation

are

radiation,

repaired

by

some
the

of

the

action

of

damaged
enzymes.

Therefore, Hayashi (1991) suggests that it is reasonable to
expect that in the region of low dose-rate the sensitivity
of bacteria would decrease with the decrease in dose rate
and the specific bacterial repair ability.

Other authors

do not support this idea. Urbain (1986) reports that in
complex food systems the dose rate is irrelevant and that
radical
Urbain

interaction
(1986)

also

with

food

reports

components

that

radiation

predominate.
effects

on

bacteria when oxygen is a factor can be altered by high
dose

rates

sensitivity.
with X-rays

where

oxygen

depletion

may

reduce

the

For example, Serratia marcescens irradiated
at a dose rate of

0.02

kGy/min was more
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sensitive to the radiation than when irradiated at 0.002
kGy/min as long as oxygen was present in the system (Dewey,
1969).

When the bacteria were irradiated under a 100%

nitrogen atmosphere, there was no observable difference in
radiosensitivity.
d.

Dose Application -

Traditionally,

irradiation

processing of food products has focused on single dose
application

to

processed

and

packaged

food

products.

Another method of radiation application used extensively by
radiobiologists to treat cancerous tumor cells has been to
administer the radiation doses in partial fractions over a
period of time.

This application was developed as a method

to reduce "good” tissue damage while effectively denaturing
the deoxyribonucleic acid of the tumor cells.

One problem

that has occurred with tumor treatment has been that in
using split dose application the targeted tumor cells as
well as the good tissue cells may be able to repair and
subsequently recover from sublethal damage and in some
cases become more resistant to irradiation (Alper, 1979b) .
Fractionated doses of irradiation have also been used
in agriculture to control the fertility of boll weevils.
Haynes and Smith (1993) irradiated male and female pupae
with nine

equal

irradiation.

doses

totaling up to

80 Gy

of gamma

The weevils were effectively sterilized but

not killed by this method.

Using multiple dose application on food products has
occurred only rarely. A publication by Liston and Matches
(1968), discusses the use of single and multiple doses in
the radiation pasteurization of seafoods,
upon landing the catch.

shipboard and

These researchers applied 0.5,

1.0, 2.0 and 3.0 kGy doses of gamma radiation to fresh ice
stored fish.

Intervals between irradiation doses were from

3 to 17 days, with the purpose of extending shelf-life of
iced stored fish until they could be marketed.

Their

findings concluded that multiple doses were only slightly
more effective in extending shelf-life of very fresh fish.
From a practical point of view, the authors reported a
failure

of

the

double

irradiation

process

to

provide

effective and sustained reduction of bacterial count in
fish of poor quality.
It is not known whether use of fractioned doses will
alter the overall sensitivity of bacterial cells.

It is

possible that direct damage to bacterial chromosome from an
initial dose could be of such a nature as to sensitize the
cells to irradiation damage with a subsequent increase in
overall radiosensitivity of a bacterium.

Damage from the

indirect effects of irradiation administered in sublethal
doses

would

be

expected

to

be

minimal

in

bacterial

populations equipped biochemically to repair damage as it
occurs.

Unlike mammalian cells, bacteria have not been

shown to develop increased resistance upon exposure to
sublethal doses.

Huhtanen et al. (1989) reported that L.

monocytogenes cells selected from colonies of subcultured
survivors of sublethal irradiation exposure were no more
radiation resistant or sensitive than the parent culture.
Liston

and

Matches

(1968)

research

indicated

that

a

irradiation sensitization of spoilage flora bacteria may
have occurred when survivors of an initial irradiation were
subsequently irradiated after several days storage.

These

authors believed that increased sensitivity was due to the
microbial flora moving into a stage of active reproduction.
As

part

of

Good Manufacturing

Practices,

Federal

guidelines (FSIS, 1992) for application of irradiation to
food products prohibit its use on spoiled or old products
with the purpose of improving quality.

The purpose of

irradiation application is to extend good quality factors
for

a

longer

pathogenic

period

bacteria,

of

time

or

if

present.

reduce

the

risk

of

Reapplication

of

irradiation or multiple application of irradiation to food
products after being marketed has been prohibited by ASTM
(1994)

and

FAO/IAEA/WHO

(1977;1981).

However,

it

is

permissible to interrupt an irradiation process for short
intervals

as

irradiation

long

as

facility

(Everett, 1994) .

the
under

product
proper

remains
storage

within

the

conditions

31
2.2 Listeria monocytogenes
A. History
As the causative agent of listeriosis, Listeria
monocytogenes has emerged as one of the most significant
foodborne pathogens of the 20th Century.

The organisms was

discovered almost 100 years ago and prior to 1981 was
primarily
1994).

recognized

as

an

animal

pathogen

(Donnelly,

Murray et al. (1926) were the first to characterize

the organism and named it Bacterium monocytogenes, after
their isolation of the bacterium from the monocytes of
infected laboratory rabbits and guinea pigs.

In 1927,

Pirie (1940) renamed the organism Listeria hepatolytica, in
honor of Lord Lister,

following its isolation from the

livers of gerbils and in 1940 changed the name to that
currently used, Listeria monocytogenes (Donnelly, 1994) .
The first confirmed cases of listeriosis in man were
reported in 1929 by Nyfeldt (Gray and Killinger,
with

three

patients

demonstrating

mononucleosis-like disease.

an

1966),

infectious

During World War II, many

different reports of listeriosis in man and animals were
published in the Americas and Europe but "it was not until
the mid-1950's that L. monocytogenes really passed from the
awkward
bacteria

and unnoticed
into

an

adolescent

exciting,

among

sometimes

the

pathogenic

coy,

flirtatious bacterium" (Gray and Killinger, 1966).

almost
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B. Characterization
1. Microbiology
Listeria

monocytogenes

is

a

small

gram-positive,

nonsporeforming facultatively anaerobic diphtheroid-like
bacillus with rounded ends measuring 1.0-2.0 microns. Upon
gram stain, it is easily confused with Corynebacterium spp.
and

as

such may have

commonly

"contaminating diphtheroid"

been disregarded

(Gray and Killinger,

as

a

1966).

Growth temperatures for L. monocytogenes range between 0.4°
and 50°C.

It is catalase positive, superoxide dismutase

positive, oxidase negative, and expresses
activity when
Peterkin,

grown

1991) .

on blood

beta hemolytic

agar medium

(Farber

and

The organism demonstrates a tumbling

motility that gives an umbrella appearance in semisolid
motility medium
37°C.

when grown between 20 and 25°C but not at

Colonies of pathogenic strains are smooth and exhibit

a blue-green

sheen

by

obliquely

transmitted

nutrient agar (Farber and Peterkin 1991).
can grow over a wide range of pH's

light

on

Listeria spp.

(4.3-9.6),

survives

freezing, and is relatively resistant to heat up to 65°C
(Donnelly, 1994; Brackett, 1988).
2. Distribution
Listeria monocytogenes is widely distributed in nature
and can be readily isolated from soil,

water,

sewage,

silage, milk of normal and mastitic cows, and human and

animal feces (Donnelly, 1994;Farber and Peterkin, 1991;Gray
and Killinger,

1966).

Sheep have been identified as a

major reservoir of Listeria in nature and infected animals
will

excrete

the bacterium

in milk,

blood,

and

feces

(Donnelly, 1994); apparently healthy animals may have high
excretion rates in milk.

In ruminants, the most common

disease syndrome of listeriosis

is encephalitis. Infected

animals exhibit disorientation and circle in one direction
or the other depending on the droop of their head thus the
disease is often referred to as the "circling disease"
(Donnelly, 1994).
C. Listeriosis in Humans
l. Introduction and Disease Characteristics
Humans
through

are frequently exposed to L. monocytogenes

environmental

contact

with

animal

and

plant

material, and it is estimated that 5% of healthy humans
carry

the

(Donnelly,
early

bacterium
1994;

1980's,

in

their

gastrointestinal

Farber and Peterkin,
listeriosis

contaminated foods.

has

been

1991).

tract

Since the

associated

with

Exposure to this bacterium does not

necessarily result in infection (Marth, 1988) unless the
individual is in the high risk group of immunocompromised
persons, the very young (neonates), the elderly (over 60
yr) or those being treated for another major illness such
as heart disease,

diabetes,

or malignancy.

In adults,
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listeriosis

is

characterized

by

symptoms including meningitis,

the

onset

septicemia,

of

severe

and flu-like

symptoms including fever, fatigue, nausea, vomiting, and
diarrhea (Donnelly, 1994).
listeriosis

in

the

The most recent estimates of

United

States

indicate

that

approximately 1850 cases at an approximate 30% fatality
occur annually with over $200 million loss in productivity
and health costs (FCN, 1993).
2. Incidence of Listeria in Food

Through surveillance of a variety of plant and
animal food products, L. monocytogenes has been recovered
from

raw

products,

and

partially

meat,

processed

and seafood.

vegetables,

dairy

One of the first

(1979)

reported associations of L. monocytogenes and epidemic
listeriosis being transmitted to humans through the food
supply was

reported

epidemiologic
prepared

from

study
raw

in

Schlech

linked the
cabbage

and

et

al.

(1992).

consumption
carrots

a

that

This

coleslaw
had

been

fertilized with the feces of sheep from a herd known to
have been infected with listeriosis. The outbreak consisted
of thirty four cases of perinatal listeriosis and seven
cases of adult disease.
(Broome et al. 1986)

The Centers for Disease Control

documented that L. monocytogenes was

a common source of foodborne outbreaks in the Canadian
Maritime Provinces, Boston,

and Southern California and

"that increased public health attention must be directed
toward preventing disease due to this agent".
1986,

the Health Protection Branch,

Also in

Health and Welfare

Canada warned of the danger of using unpasteurized milk for
soft cheese production (Johnston et al.1986).

In 1988,

Liewen and Plautz tested raw milk from bulk storage tanks
of individual dairy farms in Nebraska and found 4% of the
samples to contain pathogenic strains of Listeria.
et al.

(1988)

and Farber et al.

(1988)

Slade

found that,

in

Ontario, raw milk samples contained a yearly average of
8.2% and 1.3%, respectively, of L. monocytogenes.
et al. (1988) reported

Farber

10 out of 42 (23.8%) samples of raw

fermented (dry cured) sausages positive for Listeria before
drying and 50% of these samples
after drying.

(5) remaining positive

The incidence of Listeria spp. in frozen

seafood products from several countries was reported in 35
of

57

samples

and of those,

15 were positive

monocytogenes (Weagant et al.1988).

Johnson et al. (1990)

reviewed the incidence of L. monocytogenes in
meat products

and found 17%

for L.

of the beef

meat and

samples

from

Switzerland, 20% of the beef samples from New Zealand, 68%
of pork from New Zealand, and 60 % of lamb from New Zealand
were positive for L. monocytogenes.

Kerr et al.

(1990)

examined 102 samples of ready-to-eat, pre-cooked chilled
chicken and determined that 26.5% were positive for L.

monocytogenes.

Also

in

1990,

Farber

et

al.

reported

isolating L. monocytogenes from the blood and cerebrospinal
fluid

of

two

patients,

one

of

whom

had

consumed

contaminated alfalfa tablets and a second following his
consumption of contaminated soft cheese.

Destro et al.

(1991) reported that 71.7% of Brazilian

meat and meat

products contained L. monocytogenes, 5% of cheese and raw
milk samples were also positive for this bacterium.

A

survey of shrimp, oysters, and water from the U.S. Gulf
Coast yielded

L. monocytogenes in 5% of the test samples

with

identified

shrimp

contamination

as

to processing

a

potential

plants

and

source

their

of

products

(Motes, 1991). Chicken carcasses tested by Lewis and Corry
(1991) were positive for L. monocytogenes in 3 of 25 (12%)
samples tested.

Farber (1991) reported similar

results

when fish products (smoked salmon and ready-to-eat shrimp)
were tested at both the wholesale and retail levels. The
prevalence of Listeria spp. on the hands of food plant
workers,

from a variety of British food plants

(meat,

bakery, fishmongers, etc.), was reported by Kerr et al.
(1993) with 12% testing positive for Listeria spp and 7%
testing positive for L. monocytogenes. Berry et al. (1994)
reported isolating L. monocytogenes from 6.7% of frozen
shrimp samples from China and Mexico.
reported similar survey results

Gecan et al. (1994)

from fresh and

frozen
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shrimp collected
United States.

in the Philippines,

Malaysia

and the

Crawfish tail meat and crabmeat samples

surveyed from Louisiana processing plants indicate that as
much as 60% of raw or partially processed samples will
contain L. monocytogenes (Dorsa, 1993).
3. Listeriosis

a.

Infectious Dose - Food to human transmission of L.

monocytogenes has been definitively documented although the
exact role of contaminated food as a vector remains obscure
(Harwig et al.,1991).

This pathogen is found in a wide

variety of foods and combined with its ability to grow at
refrigeration temperatures presents a distinct problem to
the food industry especially in ready to eat cold stored
products such as sous-vide

(Harwig et al., 1991).

The

USFDA (1994) currently maintains a ZERO tolerance for L.
monocytogenes in food,
humans is unknown.
low

numbers

of

although the infective dose for

"There is little evidence to date that
L.

monocytogenes

in

food

will

listeriosis, even in susceptable individuals"
al., 1991).

cause

(Harwig et

This view has been supported by the fact that

a wide variety of food products have been found to be
contaminated with small numbers (<103CFU/g) of the bacterium
with relatively few reported links to illness.

In 1989,

Golnazarian et al., attempted to establish an infective
dose of L. monocytogenes for mice.

Mice with normal immune

38
resistance were found suceptable

(LDjo) to the infection

when oral doses exceeded 1.7 x 103 CFU/g.

These authors

warn that caution should be used in trying to extrapolate
these findings to humans, and suggest that when Listeria is
present in low dose levels (<102CFU/g of food) the normal
immune

system

is

adequate

to

protect

humans

from

listeriosis.
b.

Epidemics

-

Since

the

early

1980's

Listeria

monocytogenes has emerged as a major source of foodborne
illness.

Several foodborne disease outbreaks have been

directly

attributed

listeriosis,

to

this

bacterium.

In

1979,

serotype 4b, was diagnosed in at least 23

hospitalized patients in the Boston, Massachusetts area
(Donnelly,
source

1994; Farber and Peterkin,

identified was

carrots).

Nearly

fresh

half

of

salad

1991).

The food

(lettuce,
the

radishes,

patients

were

immunocompromised due to cancer, chemotherapy or steroid
treatment and 15% succumbed to the disease.

The next

notable case of listeriosis occurred in 1981,
maritime provinces of Canada.

in the

In this outbreak, 41 person

were afflicted with a 41% mortality rate attributed to
consumption of coleslaw prepared from cabbage believed to
have been contaminated through field fertilization using
manure from sheep harboring the bacteria.

From these

cases, spontaneous abortions, stillbirths, or live birth of

ill infants resulted from the infection of 34 pregnant
women.

Meningitis, pneumonia, and septicemia occurred in

the 7 nonpregnant adults. All were infected with the type
4b serovar.

In 1983, pasteurized whole and 2% milk were

identified as the source of an outbreak in Massachusetts.
The overall case fatality rate was 29% among 49 cases, most
isolates were identified as type 4B serovar
1994).

(Donnelly,

Soft ripened cheese has been implicated in two

major outbreaks of listeriosis.

The first occurred in

Orange County California where 142 cases occurred over 8
months due to the consumption of mexican style cheese
harboring L. monocytogenes serotype 4b.

Nearly 65% (92) of

the cases were in pregnant women or their offspring with a
total fatality rate of 33% (47) .

The second soft cheese

outbreak occurred in Switzerland with 122 cases occurring
between
reported

1983-1987
as

being

(24/yr average).
of

epidemic

This

outbreak was

proportions

infection rate was 10 times the endemic rate
per million Swiss" (Donnelly, 1994).

"since

the

of 5 cases

A 28% fatality was

associated with these cases.
c.

Sporadic Cases

- Human

listeriosis most

occurs as a sporadic illness appearing occasionally with
only one or a few cases reported at one time.

From data

collected by the Centers for Disease Control (CDC), it was
estimated that 1500 to 2000 endemic cases of listeriosis

often

40
occur annually in the United States

(FCN,1993).

represents 7.1 cases per million persons.
evidence

suggested

listeriosis

cases

consumption

of

that

Epidemiological

approximately

reported

contaminated

have

been

foods.

This

20%

of

attributed

World

wide,

the
to
food

sources proven to harbor L. monocytogenes attributed to
sporadic cases of listeriosis have included milk, hot dogs,
feta cheese, undercooked chicken, pate, tongue, raw fish,
and raw shellfish.
D. Control of Listeria In Foods
1. Traditional Processing
Due the ability of L. monocytogenes to grow over a
wide range of environmental conditions,

it has been a

problem to control using the traditional processing methods
such as heat,

cold,

salt,

and acidity.

For instance,

Listeria in culture media has been reported to grow over a
wide range of temperatures (0.4°C to 45°-50°C and pH's (4.3
to 9.6), survives freezing and is resistant to heat <50°C
(Donnelly, 1994) .
activity as low as
concentrations

This bacterium can grow with a water
0.90 and will

(25.5%).

Growth

survive high

of L.

saline

monocytogenes

enhanced under decreased oxygen concentrations,

is

is not

inhibited by nitrite, and only briefly inhibited by nisin,
a bacteriocin found in milk

(Doyle,1988).

In chicken

broth and milk, Listeria can grow at temperatures as low as

-0.4°C

(Donnelly,

1994).

Traditional

pasteurization

temperatures are effective in eliminating L. monocytogenes
from

raw

milk

potentially

but

poses

a

post-pasteurization
problem.

Bradshaw

contamination
et

al.(1985)

reported the thermal resistance of L. monocytogenes in
buffer and whole milk did not differ over

pH's ranging

from 5.5 to 9.0 and with D-Values ranging from 1683.7 s for
52.2°C

to 0.9 s for 74.4°C.

Donnelly and Briggs (1986)

found that milk composition affected the growth of L.
monocytogenes serotype 4b with growth being enhanced in
whole milk compared

to skim milk or 11% nonfat milk solids

and when grown at temperatures ranging from 4 to 37°C. The
same affect was not observed with serotype 1 or 3.

All

strains used in this study had a D-Value of 1 min at 62.7°C
and it was concluded that pasteur izat ion as def ined by
current FDA guidelines, (21CFR131.3) should be effective in
eliminating this bacterium from raw milk.
study,

Donnelly

et

al.

(1986)

compared

In another
the

thermal

resistance of three strains of L. monocytogenes using test
tube

versus

sealed

tube

methods.

These

researchers

reported greatly reduced D-Values of 0.1 and 0.4 min at 62°C
when using the sealed tube method compared with the test
tube

method

at

the

same

temperature.

At

higher

temperatures (72°, 82°, and 92°C) inactivation was observed
after 30 minutes by either method.

Ryser and Marth (1987)

observed

the

survival

of

L.

monocytogenes

Cheddar cheese making process
concluded that

during

through ripening.

the
They

L. monocytogenes was capable of surviving

the initial production method and may even increase in
numbers up to 60 day ripening at 6°C.
bacterium was capable of survival
ripening.

At 13°C, this

for up to

130 days

Their conclusion was that the minimum ripening

period (60 d) required by the Food and Drug Administration
for cheese made from raw or partially heat treated milk was
not adequate to assure the safety of the product. A survey
on

the

incidence

products

of

Listeria

from several countries

spp.

in

frozen

seafood

(Weagant et al.,1988),

revealed the ability of this bacterium to survive normal
freeze processing and storage.
samples
these

In this study, 35 of 57

(61%) tested positive for Listeria spp.
15

(26%)

were

positive

for

L.

and of

monocytogenes.

Although many of the seafood products tested in this study
would undergo further heat treatment before consumption,
some of the products might not receive additional heating
prior to consumption and thus would possibly pose a public
health threat. The ability of L. monocytogenes to grow in
6% salted whey and skim milk incubated at 4 and 22°C, as
well as

the ability of this bacterium to survive in 12 %

salted whey and skim milk were documented by the research
of Papageorgiou and Marth (1989).

Their research suggested

that for white brine cheese pickling purposes, the brine
solution should be acidified to below a pH of 5.0 to avoid
growth of L. monocytogenes.

However, Sorrells et al.(1989)

reported growth of L . monocytogenes at a pH as low as 4.4
and the bacteriums ability to tolerate
temperatures

(10°C) .

low pH

Reports of the inadequacy

at

low

of the

normal process used to manufacture pepperoni were published
by Glass and Doyle (1989,) .
extra heat process

They recommended adding an

after normal fermentation to eliminate

the risk of Listeria in fermented sausages.

Glass and

Doyle (1989b) also studied the response of L. monocytogenes
on

several

refrigerated

processed

meat

products

and

reported the most prolific growth on processed poultry
products.

Their

findings

stressed

the

importance

of

preventing postprocessing contamination of ready-to-eat
meat products by L. monocytogenes.

Studies of thermal

destruction of L. monocytogenes

in meat slurry and in

ground beef by Boyle et al.(1990)

indicated that if this

pathogen were present in high numbers (>105 CFU/g) it could
survive cooking up to an internal temperature of 70°C and
refrigeration storage of 4°C.

Zaika et al.(1990) studied

the resistance of L. monocytogenes during the processing of
frankfurters.

Their

results

supported previous

studies

which indicated that the process of heating 70 min to reach
an internal temperature of 54.4°C was adequate to kill low

numbers of Listeria (103 or less/g) but not sufficient to
eliminate greater numbers of this bacterium.
fish products,

such as shrimp and smoked salmon,

reported by FArber (1991) to be frequently
with L.

Ready-to-eat

monocytogenes.

His work

were

contaminated

indicated

that

this

bacterium grew at 4°C on artificially inoculated cooked
crabmeat,

lobster,

shrimp,

and smoked salmon,

but that

given the relatively short shelf life of these products,
Listeria should not present a problem unless the products
were temperature abused.

Dorsa et al. (1993) recommended

the use of postpicking or postpackaging heat treatments of
commercially processed crawfish tailmeat to reduce the risk
of Listeria from post harvest contamination.
2. Radiation Processing
The ability of L. monocytogenes to resist typical heat
processing methods, refrigeration,

freezing,

and low pH

environments has prompted several researchers to explore
the radiosensitivity of this pathogen.

The first known

research concerning the response of L. monocytogenes to
radiation processing was published in the late 1980's.
Hashisaka et al.(1989) determined the radiation D-Values
for

this

bacterium

in

preinoculated

mozzarella cheese maintained at -78°C.

ice

cream

and

The D10-Values were

1.4 kGy for mozzarella cheese and 2.0 kGy for ice cream.
In this experiment, the effective level of 12D irradiation

for L. monocytogenes was 16.8 kGy for mozzarella cheese and
24.4

kGy for ice cream.

In the same year, Huhtanen et

al.(1989) tested the radiation response of seven strains of
L. monocytogenes in culture media and in preinoculated (109
CFU/ml/g)

mechanically

deboned

chicken

meat.

These

researchers attempted to compare irradiation D-Values from
different segments of the survivor plots. They concluded 2
kGy would be sufficient to destroy 104 CFU/g of chicken meat
or 104 CFU/ml culture media and reported a mean D-Value of
0.33 kGy for all strains in broth culture and 0.45 kGy in
mechanically deboned chicken meat.

Mead

et al.(1990)

refuted Huhtanen et al.(1989) with their data following
irradiation

(2.5

kGy)

of

L.

monocytogenes

surface

inoculated (102-104 CFU/cm2) onto poultry carcasses.

These

researchers found Listeria survivors, able to recover from
sublethal injury, after 5 days storage at 10°C and after 14
days storage at 5°C.

The radiation sensitivity of three

strains of L. monocytogenes in phosphate buffer, trypticase
soy broth, and poultry
al.(1990).

feed was

studied

by

Farag

et

Irradiation D-Values were calculated from

survival curves with initial cell concentrations of 10s
CFU/ml(g).

All three strains were more resistant to “Co

gamma radiation in poultry feed (D-Values ranged 0.44-0.46
kGy) than in buffer or broth (D-Values ranged 0.18-0.25
kGy).

In 1992, Varabioff et al. examined the effects of

irradiation on bacterial load and L. monocytogenes in raw
chicken packaged under vacuum and in air.

The standard

plate count was similarly decreased for both packaging
methods

immediately

following

2.5

kGy

radiation and during 15 d storage at 4°C.

dose

of

In the

gamma

Listeria

inoculated (107 CFU/g) irradiated chickens, the bacterium
was recovered after 7 d storage

from the vacuum-packaged

chicken but not from the air-packaged.

This indicated that

the bacterium was able to recover from a apparent sublethal
dose of 2.5 kGy.
radiation

Another project combined the effects of

(electron-beam)

and

sous-vide

treatment

(Shamsuzzaman et al., 1992) to determine the survival and
growth of L. monocytogenes on chicken breast meat.

These

researchers reported that sous-vide treatment of 65.6°C
alone had marginal lethal effect on the Listeria.

The

combined treatment of sous-vide and 2.9 kGy electron beam
radiation was

very effective with

no recovery

of

the

bacterium during 8 weeks storage at 2°C and extended the
fresh shelf-life by at least 2 weeks.

Grant et al.(1993)

compared the growth of L. monocytogenes in nonirradiated
and

irradiated

cook-chill

refrigeration temperatures.
bacterium

roast

beef

and

gravy

at

Specific growth rates of the

in nonirradiated and irradiated (2 kGy) samples

stored at 5°C and 10°C were found to be similar.

However,

exponential growth of L. monocytogenes (109 CFU/ml) after

irradiation was preceeded by an extended lag period of 6-9
days at 5°C and 3-4 days at 10°C compared with less than 2
day lag period for nonirradiated beef and gravy stored
similarly.

This study also supported the inability of 2

kGy to effectively eliminate high cell concentrations (109
CFU/ml) of L. monocytogenes in food products.

Patterson et

al.(1993) inoculated L. monocytogenes onto raw and cooked
minced poultry meat at a concentration of 106-107 CFU/g.
Samples were treated with 1 and 2.5 kGy gamma radiation
then stored

at temperatures between 6°C and 15°C.

It was

concluded that radiation damage was significant enough to
extend the lag phase required for recovery of the bacterium
considerably (up to 18 days) beyond the normal shelf life
of unirradiated poultry meat stored at these temperatures.
E. Recovery and Enumeration From Foods
Listeria
culture

monocytogenes

on nutrient agar or

subsequent subculture.
slow

once

growing

and

established

However, it is considered generally

delicate

"Isolation

environments

such

contaminated

with

pure

in broth grows well upon

on

primary

isolation

environmental samples containing other bacteria
1984).

in

of
as

other

Listeria
food,

which

(Difco,

monocytogenes
can

microorganisms,

from

from

be

heavily

often

proves

challenging" (Farber and Peterkin, 1991). Several selective
media have been developed to

improve the

isolation of

Listeria from other bacteria: McBride agar, Tellurite Agar,
LPM (lithium chloride, phenylethanol, moxalactam) Agar, and
Oxford media are among the more popular (Poysky et al.,
1993).

Both cold and chemical enrichment procedures were

developed to take advantage of the ability of Listeria to
grow

at

Peterkin,

refrigeration
1991;

Lovett,

temperatures
1988).

(4°C)

Poysky

(Farber

et

al.

and

(1993)

developed a selective and differential plating medium,
hemolytic ceftazidime lithium chloride agar (HCLA), for the
isolation

of

Conventional

L.

monocytogenes

methods

of

from

enrichment

fishery
and

products.

isolation

have

proved time consuming and in more recent times several
rapid methods have been developed.
DNA-based kit which has

Gene-Trak developed a

been specifically designed to

detect Listeria in foods (Farber, 1993).

A new enzyme-

linked immunosorbent assay (ELISA)-based kit (McClain and
Lee, 1989), specific for L. monocytogenes was developed by
TECRA™ Diagnostics (Bioenterprises Pty, Ltd., Roseville,
Australia). Other kits for rapid detection are also being
developed.

A new API Listeria,

10-test strip for 24-h

biochemical species identification of Listeria isolates was
developed by Bille et al., 1992.

CHAPTER 3
EFFECT OF TEMPERATURE AND CELL CONCENTRATION
ON GROWTH AND RADIOSENSITIVITY OF
LISTERIA MONOCYTOGENES
3.1

Introduction
The ability of Listeria monocytogenes to grow over a

wide

range

bacterium

of

with

environmental
an

unusual

conditions

degree

of

provides

this

protection

from

standard food processing methods of heat, cold, salt (aw),
and

acid.

Listeria

has

been

documented

to

grow

in

temperatures ranging from 0.4°C to 50°C and is known to
survive exposure to temperatures well below freezing
(<-20°C)

and

(Donnelly,

thermal

processing

temperatures

of

>60°C

1994;Weagent et al, 1988; Dorsa et al.,1993;

Boyle et al.,1990) . In low numbers, below 103 CFU/g, L.
monocytogenes will not survive pasteurization (Bradshaw et
al., 1985) nor will it survive freezing below -20°C, high
salt concentration of 20-25%, or extremes in pH (below 4.3
or above 9.6)

for more than a few weeks

(Doyle, 1988).

L.monocytogenes has also been shown to be sensitive to 2
kGy gamma radiation in concentrations below 104 CFU/g(ml),
but in higher concentrations the bacterium was able to
repair low dose (<2 kGy) radiation damage and recover with
logarithmic growth

(Andrews and Grodner,

1989; Grodner, 1992).
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1992; Juneau,

In general, the radiosensitivities of bacteria vary
with the medium in which the irradiation occurs.

Pure

nutrient broth cultures provide the optimum medium for
irradiation due to the high "water activity" (aw>.95) and
water

availability

chemical

or

as

well

radiochemical

as

a

lack

activity

of

from

competitive
solid

food

particles or other bacteria (Urbain, 1986; Josephson and
Peterson, 1982).

In liquid pure culture, irradiation D-

Values (D10) have proved to be lower than when irradiation
occurs in a solid or semisolid medium typical of food
products. Patterson (1989) found lower D-Values (0.39-0.46
kGy) for four strains of L. monocytogenes irradiated in
phosphate

buffered

saline when

compared

with

D-Values

(0.42-0.54 kGy) of the same bacterial strains irradiated on
poultry meat.
strains of L.

Huhtanen et al.(1989)
monocytogenes

irradiated seven

in culture media

mechanically deboned chicken meat.

and

in

Their data provided

additional support for the protective effect of a food
matrix with higher D-Values (0.41-0.53 kGy) reported for
all strains when irradiated in chicken meat than the DValues (0.28-0.34 kGy) in buffered nutrient trypticase soy
broth.
In order to compare differences

in the

radiation

sensitivity of L. monocytogenes based strictly on cell
concentration and/or temperature changes,

it was first

necessary to establish the growth characteristics of this
bacterium

in

laboratory

standard

conditions

nutrient

broth

available

in

and

the

under

Food

the

Science

Department at Louisiana State University, Baton Rouge, LA.
Secondly, to determine whether the radiosensitivity of L.
monocytogenes can be affected by the initial numbers of
bacteria

present

or

by

the

temperature

at

which

the

irradiation process occurs, cell concentrations from 103 to
109 CFU/ml,
from

were irradiated at a variety of temperatures

-80°C to 20°C and evaluated for D-Value as calculated

from survival plots.
3.2 Materials and Methods (Table 1)
A. Test Organism
Listeria monocytogenes, strain Scott A,
from

the

Louisiana

State

University

Food

was obtained
Microbiology

Culture Collection (August 1991).

This particular strain

was

man

initially

isolated

from

a

named

Scott

who

contracted listeriosis from a dairy source and subsequently
died.

The culture was originally provided by the Economics

Laboratory,

St. Paul,

Minnesota

(Marshall,

1993).

The

bacterium was maintained on tryptic soy agar (TSA) at 4°C
with quarterly subculture.
bacterium was tested

Following each subculture, the

(API Listeria

identification of Listeria)

10-300,

System for

for typical physiologic and

biochemical attributes to ensure consistency in growth and
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Table 1.

Procedures schematic for growth and
effects of cell concentration and
temperature on radiosensitivity

Listeria monocytogenes, Strain Scott A (LSU)

/
Growth Curves
(TSB § 20°, 4°, 0°C)

Jr

Generation Times
(Marshall and Schmidt, 1988)
Tryptic Soy Broth - 18 hr
(Dilution to log 3, 6, or 9 CFU/ml)
I

Storage
(-80, 4, or 20°C)

Irradiated - 0-5 kGy
(1.25 MeV gamma - Cobalt60)

Enumerate Survivors
(Neg. cultures held 7 days & S/C for recovery)
I

D-Value Calculations
Linear Regression Analysis (LRA)(SAS1987)
Total Dose Method (TD)
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identification (Bille et al., 1992).
B . Growth Curves
The

Listeria

monocytogenes,

Scott

A

strain

used

throughout these experiments (3.2a) was evaluated for batch
culture

growth

characteristics

at

temperatures: 35°, 20°, 10°, 4°, and 0°C.

the

following

Batch cultures were

inoculated by placing 0.5 ml of a 10s CFU/ml dilution into
500 ml TSB in a 1 liter screw capped Ehrlynmeyer Flask and
incubated at the appropriate temperature.
20°C,

Cultures at 35°C,

10°C and 4°C were placed in commercial incubators

either heated (Hotpack, Philadelphia,PA, USA 19135), held
at RT, or cooled (Fisher, Low Temperature Incubator, Model
307) to achieve the desired temperature.

The 0°C growth

culture flasks were placed into an iced water bath and
maintained in a 55 gal Igloo Cooler and placed in a 10 ft
x 10 ft 4°C walk-in refrigerator-cooler.

Growth culture

temperatures were monitored using a mercury thermometer
placed in water under the same growth conditions to assure
no variation occurred during the incubation period.
C. Preparation of Inoculum
Listeria monocytogenes, Strain Scott A, was grown in
tryptic soy broth (TSB-9 ml in a 20 x 125 mm pyrex screw
cap tube) at 35°C for 18 h to achieve stationary phase cells
at a concentration of 109 CFU/ml broth.
were

performed

using

9

ml

TSB

Serial dilutions
to

achieve

cell
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concentrations of 103 and 106 CFU/ml. Cell dilutions were
then stored at the appropriate temperature until being
exposed to the gamma radiation

source, Cobalt-60.

Cells

held at room temperature (20°C) or placed on ice (4°C) were
immediately irradiated, cells to be irradiated frozen were
stored at ~80°C for 24-48 hours prior to irradiation.
confirmation

of

cell

concentrations,

samples

For
were

enumerated immediately prior to storage, by spread plating
onto trypticase soy agar plates, incubated at 35°C for 24-48
hrs, and counted according to standard procedures outlined
in the BAM, Bacteriological Analytical Manual (Messer et
al.,1984).
D. Irradiation
Listeria monocytogenes samples stored in 20 x 125 mm
screw cap tubes were maintained at 20°, 4°, or -80°C until
irradiated.

Samples were irradiated by placing them into

a stainless steel

(0.8 cm thick)

diving bell

(13.5 cm

diameter x 37 cm deep) and lowering the diving bell into
the center of a ring of cobalt-60 (1.25 MeV average gamma
ray energy)

fuel rods at the bottom of a water well of

approximately 4.5 m depth located in the Nuclear Science
Center at Louisiana State University.

The 4°C and -80°C

sample tubes were surrounded by crushed ice in wide mouth
nalgene bottles (500 ml capacity) while

in the irradiation

diving bell in order maintain the chamber in as close to

4° C as possible.
throughout

the

The -80°C

irradiation

samples remained frozen

process.

The

cobalt-60

irradiation source was monitored by Fricke Dosimetry and
calculated to be emitting an average dose of 17.2 Gy/min to
the center of the diving bell 5 cm above the inside bottom
surface

(Johns

and

Cunningham,

1983b) .

The

applied

radiation absorbed doses ranged from 0-5 kGy. Use of up to
5 kGy was selected based on previous research conducted on
L.

monocytogenes

in

the

(Andrews and Grodner,

LSU

1992).

Food

Science

Also, poultry,

Department
beef,

and

seafood petitions requesting authorization for irradiation
from the United States Food and Drug Administration have
recommended use of a minimum of 1 and a maximum of 3 kGy
dose (FSIS,1992; USFDA 1994).

Surviving cells were plated

on TSA using serial dilutions as described in Section 3.2b.
Initially negative cultures
week

and examined

for

were incubated at 35° C for 1

growth

by visual

observance

of

turbidity followed by plating for any possible growth on
TSA.

This

allowed

for

the

possibility

of

repair

and

recovery of injured cells exposed to sublethal radiation
doses and for enumeration of very low numbers of survivors
(<10CFU/ml).
E. Calculation of Generation Time
Generation times for L. monocytogenes were calculated
to predict

the time

elapsed

between the

formation

of
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daughter cells and their division into two new daughter
cells.

The generation times were calculated for each set

of growth curves at the various temperatures according to
the following formula (Marshall and Schmidt, 1988).
Generation Time

=

0.301(T2 - Tj)/(log P2 - log Pt)

Where Tt =time of Pj (early log

phase)

T2 =time of P2 (mid logphase)
P, =CFU/ml at T!
P2 =CFU/ml at T2

F. Statistical Analysis
Irradiation D-Values, the processing dose necessary to
eliminate 90% of microbial population

(D10) in kGy were

calculated by two methods:
1) Linear regression analysis

(LRA) using standard

regression analysis (SAS, 1987):
Djo = -1/slope
2) Total Dose (TD) where dose in kGy is the total dose
necessary to have no recoverable bacteria and log{ is the
initial cell concentration.
dose kGy/log;
Increased

sensitivity of the bacteria

were

inversely

related to D-Values. Mean differences were compared using
Tukey's Pairwise Comparison (SAS, 1987).

Three replicates

of

each

experimental

conditions

were

performed

in

duplicate.
3.3 Results and Discussion
A. Bacteria Characterization
Following each quarterly subculture and subsequent
storage the test organism of Listeria monocytogenes was
evaluated for maintenance of typical growth and chemical
characteristics. The

bacterium

consistently

tested

as

follows:
short

Gram

positive(+)

pleomorphic,
catalase

motile

positive

biochemical
negative,

oxidase

were

were

at

37°C,

negative;

arylamidase

(DIM)-

hydrolysis-negative,

alpha-

mannosidase-positive,
arabitol,

which

25°C but not

and

tests

esculin

at

rods

and acidification of D-

L-rhamnose,

and

alpha-methyl-D-

glusoside; but no acidification of D-xylose, Dribose, Glucose-1-phosphate, or D-tagatose.
B.
The

Batch Growth Characteristics
Listeria monocytogenes, Scott A strain used in

these experiments demonstrated typical logarithmic growth
cycles at all explored temperatures.
was

observed when

the

cultures

were

The shortest cycle
incubated

at

the

optimal temperature of 35°C with completion of the growth
phase and into stationary phase at about 18 hours following

an initial concentration of approximately 102 CFU/ml TSB
(Fig.l) . Room temperature (20+l°C) growth curve, which could
simulate brief temporary storage conditions when a food
product is between packaging and irradiation, experienced
only a brief lag phase and reached full concentration (108'9)
followed by stationary numbers after approximately 30 hours
(Fig.2).

At 10°C, which is considered a slightly abusive

refrigeration temperature, Listeria experienced a 24 hour
lag

phase

stationary

followed

by

phase

about

at

logrithmic
72

growth,

hr

(Fig.

3).

achieving
At

a

refrigeration temperature of 4°C, there was a lag phase of
2 days followed by logrithymic growth over the next 10 days
and achieving stationary phase growth of 108 CFU/ml on day
13

(Fig. 4).

conducted

in

The
an

growth
iced

curve

water

for

bath

at

L.
a

monocytogenes
constant

0°C

temperature, experienced a one week lag period followed by
logarithmic growth over a time frame of approximately ten
weeks (Fig.5).

Results of the generation times calculated

from each of the sets of growth curves are shown in Table
2.

The generation times varied from 0.80 hours at 35°C to

as long as 66.80 hours at 0°C.

These times were fairly

consistent with previously reported generation times for
L.

monocytogenes

tailmeat.

At

by

Dorsa

et

al.

(1993)

in

crawfish

0°C the generation time reported by Dorsa et

al.(1993) was approximately 72 hours.

The generation time
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Table 2.

Generation times for L. monocytogenes at 35°, 20°,
10°, 4°, and 0°C
Temperature (T°C)

Generation Time (hr)

35

0.80

20

1.20

10

3.50

4

14.40

0

66.80

* Generation Times - calculated from 3 replicates.
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reported in this experiment was only slightly shorter at
approximately 66 hr.

Slight differences were expected in

the

growth

generation

and

of

L.

monocytogenes

from

variations in growth conditions such as the ideal nutrient
broth

(TSB)

in pure culture in comparison with a solid

proteinaceous substrate such as crawfish tailmeat with the
Listeria, in competition with typical spoilage bacteria.
Results of these growth

studies

greater than subzero temperatures,
pose a risk to the consumer.
capability to generate
stored

for

several

temperatures of 4°C.

suggest that,

at

L. monocytogenes could
This bacterium has the

in a ready-to-eat product when
weeks

at

normal

cold

storage

Additionally, an even greater public

health risk exists when products have been stored at abused
refrigeration temperature

(>4°C) or at room temperatures

approaching 20°C.
C. Effect of Cell Concentration on Radiosensitivity
With the Food and Drug Administration mandating a zero
tolerance level for L. monocytogenes in ready-to-eat food
products, it becomes imperative that products be completely
free of this bacterium upon

reaching the retail market.

Low dose gamma irradiation has been shown to accomplish
this mandate in pure culture and in food products at the
level of incidence found in freshly packaged products.
When the beginning cell concentration of L. monocytogenes

was 103 CFU/ml TSB, the bacterium was highly sensitive to
>2 kGy gamma radiation used in these experiments with no
bacteria recovered from 2 kGy irradiation on the initial
subculture or subculture following one week incubation at
35°C.

D-Values

calculated by both methods (LRA and TD)

were not statistically different (p>0.05) indicating that
the survival plots were strongly linear and with r2 > 0.95
(Table 3) . Previous researchers have reported reductions of
103 CFU/ml(g)

substrate

with

1 kGy

gamma

radiation.

Huhtanen et al. (1989) reported irradiation destruction of
L. monocytogenes, Scott A in BNT medium at the rate of 3.2
logs with 1 kGy of irradiation.

In the same study, these

researchers reported only a 2.06 log reduction when the
irradiation dose was applied to the bacterium in chicken
meat.

Another study using electron beam irradiation on

sous-vide

chicken

breast

meat,

reported

an

initial

reduction of L. monocytogenes of 2.66 logs using 1.1 kGy
(Shamsuzzaman et al. , 1992). In fresh meats and seafood,
the incidence of L. monocytogenes

has been found in 5 to

20 % of the samples tested and in concentrations of

less

than 103 CFU/g (Dorsa, 1993; Johnson et al., 1990,b; Berry
et al., 1994).
D-Values (LRA) for cell concentrations of 109 CFU/ml
were lower for all three temperatures tested than the DValues at 103 or 106 CFU/ml, with

significant (p<0.05)
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Table 3.

Comparison of D-Values from linear
regression analysis(LRA) and total dose(TD)

Cell No(CFU/ml)

Temperature/°C

LRA/kGy

TD/kGy

109

20

0.50,

0.51,

4

0 •42b

0 •43b

-80

0 •42b

0 •41b

20

0.58c

0.55c

4

0 •62c

0 •57c

-80

0 •43d

0.61c

20

0 •51e

0 •53e

4

0 •52e

0 •56e

-80

0.54e

0.57e

106

103

Tukey pair wise test of mean differences:
significant (p <0.05) differences existed for , and b; c
and d; not e

differences when compared with 106 CFU/ml at 4° and 20°C, and
103 CFU/ml at 4° and -80°C (Table 3) .
analysis,

Based on regression

Figure 6, D-Values for both 106 and 109 cell

concentrations were not statistically different (p>0.05)
when the irradiation occurred at -80°C.

When using the

total dose method, however, the D-Value for 106 was higher.
This difference can be explained by the appearance of a
skew in the survival plot at the lower cell concentration.
The

randomness

of

ionization

effect

and

the

limited

migration of ions from the target track in a frozen medium
could account for these differences.
Using irradiation D-Values to calculate sterilization
doses becomes less clear when differences exist based on
the method of calculation.

D-Values calculated from linear

regression data should not be used when a skew appears in
the survival plots. Silverman (1983) used the term "tail
out" to describe the resistance of microbial populations at
low

irradiation

doses.

Tailing

may

also

relate

to

repairing of sublethal damage during time of irradiation.
Repair is related to the amount of available nutrients and
the rate of generation at the time of radiation exposure.
Cultures with cell concentrations of 109 CFU/ml had reached
lag phase of growth with nutrients mostly expended

in

contrast to those cultures with lower cell concentrations
that were diluted into fresh media with a subsequent fresh
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supply of nutrients.

To completely evaluate nutritional

effects, it would be necessary to concentrate all cells by
filtration or centrifugation

followed by reconstitution

into fresh media prior to irradiation.

It is suggested

that this method be investigated in future studies of this
type.
At refrigeration temperature (4°C), D-Values (LRA)
were 0.42 and0.62 kGy for cell concentrations of 109 and
106 cfu/ml, respectively (Fig. 7) . Statistical differences
also occurred between the two cell concentrations when the
irradiation process was applied at 20°C with calculated DValues

of

0.50

and

0.58

kGy

for

concentrations of 109 and 106 cfu/ml

respective
(Fig.

cell

8) . Previous

studies have indicated that increasing cell concentration
may offer an increase in bacterial radioresistance. Kelner
et al. (1955) reported values of 0.33 kGy in BNT medium and
0.45

kGy in

monocytogenes.

MDCM

medium

Hashisaka,

irradiation D-Values of

(2-4°C) for
et

109 CFU/ml

al. (1989)

>1.4 kGy (-78°C) for

L.

reported

10s cfu/ml L.

monocytogenes in ice cream and mozzarella cheese.

Finally,

Patterson (1989) reported irradiation D-Values of 0.42-0.55
kGy(12°C)

for

cell

concentrations of

107 CFU/g

L.

monocytogenes in poultry meat. The results of this study
were

consistant with previous research

on Listeria

culture medium and food products and not necessarily in

in
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agreement with research on other bacterial species or under
less controlled environmental conditions. Results indicated
that

L.monocytogenes

concentrations

when

was

more

irradiated

radioresistant
under

good

in

low

nutritional

conditions.
D. Effect of Temperature on Radiosensitivity
The temperature of irradiation is an important factor
to be considered in relationship to the food product of
concern.

Following

packaging,

meats,

seafood,

and

vegetables require storage either under refrigeration or
freezing.

The ability of the irradiation process to reduce

pathogenic or spoilage microorganisms may change due to
temperature effect. That Listeria has proved to survive
refrigeration temperatures for weeks following packaging
has caused concern among food microbiologists and health
officials. Results of this study demonstrated the ability
of L. monocytogenes, Scott A, in tryptic soy broth culture
to withstand the process of freezing to -80°C with no loss
in culturable numbers during the first 24 hours.

Initial

mean cell concentrations, before freezing, of 9.71 (log10)
and 6.58

(log10) CFU/ml in broth, were enumerated after

being held for 24 hours at -80°C
(log10)

and 6.54

with

a mean of 9.89

(log10) , respectively, demonstrating no

apparent loss of viable cells due to the freezing process.
The survivor plots for each temperature were compared

for both log 6 and log 9 cell concentrations. D-Values by
linear regression analysis and total dose were

used to

determine the effect of temperature on the ability of
Listeria to
exposure.
were

survive the different

levels

of

radiation

D-Values LRA) for L. monocytogenes at 109 CFU/ml

0.42 kGy at both -80°C and 4°C (Fig.9), these being

significantly lower (p <0.05) than the 0.50 kGy D-Value
obtained at 20°C (Fig. 9) . Similar results were obtained
using the total dose method, Table 3.
the

survivor

plots

(Fig.

It was apparent from

9) , that

a

4 kGy

dose

was

sufficient to eliminate 109 CFU/ml numbers of Listeria at
both

the

refrigeration

temperatures,

but

eliminate the

that

a

same numbers

temperature (20°C) .

(4°C)

and

5 kGy

dose

of

this

frozen
was

(-80°C)

required

bacterium

at

to

room

As seen in Fig. 10, cultures with a

beginning

Listeria

regression

(LRA)

concentration

D-Value

(0.43)

at

of

106 CFU/ml
-80°C

which

had
was

significantly lower (p <0.05) than the D-Values(0.62 and
0.58, respectively)

calculated for either of the warmer

temperatures, 4°C and 20°C.

However, at -80°C the skew was

such that it apparently distorted the regression plot. When
total

dose

was

used,

D-Values

were

not

significantly

different among the 3 temperatures.
Temperature did not affect the radiation response of
Ii. monocytogenes under the present test conditions.
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D-Values by both LRA and TD ranged between 0.51 and 0.57
kGy, Table 3.
Extensive research on the irradiation of a variety of
microorganisms has shown that temperature may influence
their radiation sensitivity.

Radiation damage to microbial

cells occurs due to both direct action of photons

on

cellular target sites and indirect actions of free radicals
and

other

radiolytic

products

to

a

diffusion

site

(Silverman, 1983) . In the case of “CO, there may also be
secondary

radiation

particles

(photons)

produced

with

enough energy to also cause molecular damage to cells.
Urbain

(1986)

radiolytic

reported

products

irradiation.

that

the

increases

relative

with

the

amounts

of

temperature

of

At -80°C, water is bound in an ice crystal

matrix with minimal migration of the radiolytic products
and toxic-free radicals.

Freezing temperatures have been

shown to protect bacteria in some studies. Anellis et al.,
(1973) reported D-Values for Streptococcus faecium to be 34 times greater at temperatures below 0°C than at 5°C.
Strep, faecium and E. coli both required 2-3 times greater
dose to

illicit a single

log reduction in cells when

irradiated at -79°C as compared with 10°C (Matsuyama, et
al.,

1964).

reported

high

More recently,
D-Values

of

Hashisaka
2.0

and

1.4

et al.
kGy

(1989)
for

L.

monocytogenes at -78°C in ice cream and mozzarella cheese,

respectively.

These comparatively high D-Values may be

explained by a double protective effect of the complex
protein and fat matrix of the foods in combination with low
temperatures.

Another factor to be considered was the

relative irradiation resistance of gram positive bacteria
when compared with gram negative genera.
bacteria,

such

as Listeria,

have

Gram positive

increased

cell

wall

peptidoglycan and produce catalase and peroxide dismutase
which may readily block the toxic radiolytic products (H202
and -H02) responsible for the majority of indirect effects
of ionizations

(Silverman,

1983; Urbain,

1986).

In this

study, the -80°C did not appear to provide a protective
effect when evaluating temperature alone. At refrigeration
temperature (4°C) , cells in stationary phase were possibly
unable to repair damage caused by indirect effects

due to

competition among cells for available nutrients. However,
at

the

lower

cell

concentration

(106 CFU/ml),

fresh

nutrients were available and with less competition among
bacteria.
other

Active metabolism would produce

metabolites

to

increase

resistance

catalase and
to

hydroxyl

radicals, combined with Listeria1s known tolerance to cold
temperatures

(Farber & Peterkin, 1991).

Some or all of

these factors may have accounted for increased irradiation
resistance at warmer temperatures as reflected by higher DValues. The ability of virulent strains of L. monocytogenes

to

resist

nonspecific

activated phagocytes
formation of

immune

responses

mediated

(Farber and Peterkin,

a toxic

free

radical,

1991).

superoxide,

by
The

is

an

important part of the sequence in the phagocytic killing of
bacteria.

Farber

and

Peterkin

(1991)

reported

the

resistance of L .monocytogenes to other phagocytic products
such as hydrogen peroxide and hydroxyl radicals, all of
which

are

irradiation

products

ionizations of water or oxygen.

produced

from

the

At 20°C, the 109 CFU/ml

samples were somewhat more resistant (D-Value 0.50) than at
the lower temperatures.

This was possibly due to some

repair activity occurring at the warmer temperature. At
this same temperature, the 106 CFU/ml samples were more
resistant with resulting average D-Value of 0.58 kGy.
appears

possible

that

availability

of

ample

It

nutrients

allowed this concentration of cells to be more resistant to
irradiation damage. Based on previous research and these
results it appears that damage to Listeria cultures, at 80°C, were likely due to direct effects of irradiation with
an inability of the bacterium to block or repair this
damage.
3.4 Significant Findings
The most significant finding of this research, was
that the known resistance of Listeria

to various thermal

process temperatures can also be applied to its response to

ionizing radiation.

Traditionally, bacterial populations

have shown that optimum temperature of irradiation were at
or near their optimal growth temperature.
radiolytic products

are produced readily

oxygen are

into

ionized

Short lived
as water

free radicals where

combine into a variety of end products.

and

they may

As temperatures

increase to above freezing, these products move more freely
about in the medium and may interfere with normal cellular
activities.
conditions,

Listeria,
was

the

under
most

these

sensitive

experimental
at

freezing

temperatures, indicating that this organism was relatively
unaffected by the indirect action of radiolytic products.
In fact, at warmer temperatures this organism not only was
apparently able to block the indirect action of radiolytic
products, but was also able to repair some damage caused by
direct ionizations, thus reducing radiation sensitivity.

Chapter 4
EFFECT OF SPLIT DOSE APPLICATION
ON THE RADIOSENSITIVITY OF
LISTERIA MONOCYTOGENES IN BROTH CULTURE
4.1

Introduction
The ability of Listeria monocytogenes to survive and

proliferate at refrigeration temperatures in a variety of
food products, and its potential to survive minimal thermal
processing (Doyle, 1988), have caused food safety concerns
among

food

scientists

ubiquity of this genus,

and

technologists.

Due

to

the

Listeria spp. have been shown to

contaminate a variety of food products including red meats,
seafood and dairy products either from harvesting or during
processing (Donnelly, 1994).

The United States Food and

Drug Administration currently mandates a zero tolerance
level for Listeria in food products (USFDA, 1994) due to
the potential severity of infection in immunocompromised
patients due to liver disease, immune disorders, age, and/
or pregnancy.
One

method

suggested

as

a

possible

solution

to

reducing the risk of this bacteria has been irradiation
processing.
seafood,

In minimally processed foods such as fresh

dairy,

irradiation

might

and
be

sous
used

vide
to

products,

reduce

this

preserving the fresh quality of these products.

low
risk

dose
while

Although

L. monocytogenes has proven to be among the more radiation
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resistant vegetative bacteria, if present in small numbers,
below 104 CFU/g(ml), it has been shown to be sensitive to
doses of 2 kGY (Andrews and Grodner, 1992; Huhtanen et al.,
1989).

In contrast, higher concentrations of the bacterium

have been shown to resist 2 kGy of gamma radiation and
recover with logarithmic growth

(Andrews and Grodner,

1992; Juneau, 1989;Patterson et al., 1993).
In general, the radiosensitivity of bacteria varies
depending on many different factors including medium in
which the irradiation occurs (Urbain, 1986), temperature
at time of irradiation

(Josephson and Peterson,

1982) ,

initial cell concentration (Kelner, 1955), and many other
environmental factors such as oxygen level, pH, and water
activity

(Urbain,

1986;

Josephson and Peterson,

1982).

Traditionally, irradiation processing of food products has
focused on single dose application to a processed and
packaged product.

A method of radiation application used

extensively to treat cancerous tumor cells has been to
administer radiation doses in fractions over a period of
time.
"good"

This method was developed as a method to reduce the
tissue

damage

while

effectively

denaturing

the

activity of deoxyribonucleic acid of the tumor cells.

One

problem that occurred with tumor treatment was that in
using split dose application the targeted tumor cells as
well as the good tissue cells were able to repair and

subsequently recover from sublethal damage and in some
cases become more resistant to irradiation (Alper, 1979b) .
However, it is not known whether use of fractionated doses
will alter the overall sensitivity of bacterial cells.
Liston and Matches (1968) reported effectively extending
shelf-life of fresh fish using multiple dose irradiation
applied with a 2-7 days storage interval between the first
and second dose.

This study focused on extension of shelf-

life by reducing the number of spoilage bacteria.

It is

possible that direct damage to bacterial chromosome from
the initial dose would be of such a nature as to sensitize
the cells to irradiation damage and thus

increase the

overall radiosensitivity of a particular culture.

Damage

from the indirect effects of irradiation, when administered
in sublethal doses, would be expected to be minimal in
bacterial

populations

damage as it occurs.
not

been

exposure

shown
to

to

equipped

biochemically to

repair

Unlike mammalian cells, bacteria have
develop

sublethal

doses.

increased
Huhtanen

resistance
et al.

upon
(1989)

reported that L. monocytogenes cells selected from colonies
of survivors of sublethal irradiation exposure were no more
radiation resistant

than the parent culture.

The purpose

of this research was to determine if differences in the
radiation sensitivity of a common food pathogen, Listeria
monocytogenes, could occur following split versus single
dose gamma irradiation application.
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4.2 Materials and Methods
A. Test Organism
Listeria monocytogenes Scott A, strain,
from

the

Louisiana

State

University

Culture Collection (August 1991).

was obtained

Food Microbiology

This particular strain

was initially isolated from a patient who suffered from
listeriosis following consumption of the bacterium from a
dairy source. The bacterium was provided by the Economics
Laboratory,

St.

Paul,

Minnesota

(Marshall,

1993).

The

bacterium was maintained on tryptic soy agar (TSA) at 4°C
with quarterly subculture.
bacterium was

tested

Following each subculture, the

(API Listeria

identification of Listeria)

10-300,

System for

for typical physiologic and

biochemical attributes to ensure consistency in growth and
identification (Bille et al., 1992).
B. Preparation of Inoculum
Listeria monocytogenes, Strain Scott A, was grown in
tryptic soy broth (TSB-9 ml in a 20 x 125 mm pyrex screw
cap tube) at 35°C for 18 h to achieve stationary phase cells
at a concentration of 109 CFU/ml broth.
concentrations of

For a lesser cell

IQ6 CFU/ml, dilutions were performed

using 9 ml TSB to achieve the desired concentration. Cell
dilutions were then stored at the appropriate temperature
until being exposed to the gamma radiation source, cobalt60.

Cells held at room temperature (20°C) or placed on ice
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(4°C) were immediately irradiated, cells to be irradiated
frozen

were

stored

irradiation.

at

-80°C

for

24

hours

prior

to

For confirmation of cell concentrations,

samples were enumerated immediately prior to storage, by
spread plating onto trypticase soy agar plates, incubated
at 35°C for 24-48 h,

and counted according to standard

procedures outlined in the BAM, Bacteriological Analytical
Manual (Messer et al.,1984).
C. Calculation of Generation Time
Generation

times

for

Listeria

monocytogenes

were

calculated to predict the time between the formation of
daughter cells and then daughter cells division into two
new daughter cells.

The generation times were calculated

from growth curves at the various temperatures according to
the procedures outlined in section 3.2b and 3.2e of this
text.
D. Irradiation
Listeria monocytogenes samples stored in 20 x 125 mm
screw cap tubes were maintained at constant temperature
(20°, 4°, & -80°C) until exposure to a 1.25 MeV cobalt-60
radiation source in the Nuclear Science Center at Louisiana
State University,

See

Section

3.2d.

For

the

control

samples, single dose, the radiation absorbed doses ranged
from 0-5 kGy.

For split dose irradiation application,

cultures were irradiated with equally split doses of gamma
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radiation (0.0-0.0 kGy; 0.25-0.25 kGy; 0.5-0.5 kGy; 1.0-1.0
kGy

1.5-1.5 kGy, 2.0-2.0 kGy, and 2.5-2.5 kGy) to achieve

the same total dose as the controls (0-5 kGy).

The "Time

Between Fractions" (TBF) varied from 0 in the controls to
0.25, 0.50, 1.0, and 2.0 hours (h) in the test cultures.
Test

cultures

were

maintained

at

initial

during intervals between dose application.

temperatures
Surviving

cells were enumerated by serial dilution and spread plated
onto TSA as described in Section 3.2b. Initially negative
cultures were incubated at 35° C for one week and examined
for growth by visual observance of turbidity followed by
plating on TSA.

This procedure was to allow for the

possibility of repair and recovery of injured cells exposed
to sublethal radiation doses and for enumeration of very
low

numbers

of

survivors. The

procedure

schematic

is

required

to

presented in Table 4.
E. Statistical Analysis
Irradiation

D-Values

(the

irradiation

eliminate 90% of the cell population
calculated
irradiation

[Di0 = -1/slope]
survival

[D10]) in kGy were

from the linear portion of

curves

using

standard

linear

regression analysis (LRA) using Statistical Analysis System
(SAS,1987).

Mean differences were compared using Tukey's

Pairwise Comparison (SAS, 1987).
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Table 4.

Procedure schematic for effect of
split dose irradiation on radiosensitivity

Listeria monocytogenes, Strain Scott A (LSU)
Tryptic Soy Broth - 18 h
(Dilution to log 3, 6, or 9 CFU/ml)

I

Storage
(-80% 4°, or 20°C)

4r

Irradiated - 0-5 kGy
(1.25 MeV gamma - Cobalt60)
Split Dose
(0-2 h)

I

Enumerate Survivors
(Neg. cultures held 7 days & S/C for recovery)

I

D-Value Calculations
Linear Regression Analysis (LRA)
(SAS,1987)
Total Dose Method (TD)
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The second method used to calculate irradiation DValues was based on the reduction of the initial cell
population to zero. This method, to be termed total dose,
TD,

used

the

approximate

beginning

amount of

population

in

logs

and

the

irradiation required to have no

culturable survivors.:

Irradiation D-Value = dose in kGy/log population

This method was used to account for survival curves that
exhibited

a

shoulder,

(Huhtanen

et

analysis.

All experiments were performed three separate

al.,

tail,

1989)

or

that

two

linear

might

skew

portions
regression

times (three replicates) with double plating of duplicate
samples for each replicate.
4.3 Results and Discussion:
A. Bacterium Characterization
Following each quarterly subculture and subsequent
storage the test organism of Listeria monocytogenes was
evaluated for maintenance of typical growth and chemical
characteristics,

See

Section

3.3A.

The

bacterium

consistently tested as follows:
short

Gram

pleomorphic,
catalase

positive(+)
motile

positive

rods

which

at 25°C but not at
and

oxidase

were
37°C,

negative;
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biochemical tests were arylamidase(DIM) -negative,
esculin hydrolysis-negative, alpha-mannosidasepositive,

and acidification of D-arabitol,

L-

Rhamnose, and alpha-methyl-D-glusoside; but no
acidification of D-Xylose, D-Ribose, Glucose-1phosphate, or D-Tagatose.

Colonies appear opaque

on tryptic soy agar.
B. Generation Times
The

generation

times

and

discussion

for

L.

monocytogenes were presented in Section 3.3B, Table 2 of
this text. Those times appropriate to the discussion in
Chapter 4 are listed in Table 5.
C. Effect of Split Dose on Radiosensitivity
Irradiation
reducing

of

spoilage

food

products

bacteria

or

for

the

reducing

purpose

the

risk

of
of

pathogenic microorganisms has traditionally been applied in
a single dose to achieve a targeted irradiation exposure.
However, some foodborne pathogenic bacteria, like Listeria
monocytogenes,

are resistant to federally approved low

doses (<3kGy), when present in numbers exceeding 104 CFU/g.
When irradiation is applied in doses above 2 kGy, changes
in the sensory quality may occur in some products including
seafood products (Andrews and Grodner, 1992).
Alteration of the radiosensitivity of L. monocytogenes
was attempted by using

split dose application of gamma
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Table 5

Generation times for L. monocytogenes
at selected temperatures
Temperature (°C)

Generation Time (hr)

20

0.80

4

14.40

-80

not tested

radiation.

This method of application is feasible in a

commercial cobalt-60

facility,

by simply shielding the

product from the source for a desired time. When comparing
the single versus split dose irradiation application to L.
monocytogenes in a nutrient broth,
concentration were selected,

two

levels of cell

106 and 109 CFU/ml.

Cell

cultures of L. monocytogenes at or less than 103 CFU/ml have
proved to be sensitive to irradiation doses of 2 kGy with
D-Value below 0.50 kGy (Andrews and Grodner, 1992).

As

many as 1 million Listeria/gram of food product may be
present with no apparent spoilage detected by the usual
sensory

means

(Marshall,

concentrations

used

in

1993) .
these

The

higher

experiments

cell

provided

sufficient data points to construct irradiation survival
curves

in an attempt to predict the behavior of this

bacterium.
Temperature is an important factor to be considered in
relationship to the food product of concern.
packaging

and

shipping

food product,

In preparing,

temperatures

may

fluctuate during handling. In this discussion, the three
temperatures of irradiation (20°, 4°, and -80°C) will be
cons idered independently.
1. Ambient Temperature (20°C)
The

use

temperature

of

is

20°C,

as

commercially

an

irradiation

applicable

to

processing
dry

spices,

fruits and vegetables.
3.3d,

As previously discussed, Section

the generation time for L.monocytogenes in TSB at

20°C

was approximately 1.39 h.

Generation time is an

important factor to consider in determining the ability of
L.monocytogenes

to

recover

from

sublethal

irradiation.

This was especially a concern during these experiments
since the available irradiation source was low with an
emission

rate

of

18

Gy/min,

compared

with

commercial

irradiation facilities emitting 100's Gy/min.
Results of split dose irradiation of L.monocytogenes
at 20°C with an initial cell concentration 109 CFU/ml TSB
are presented in Figure 11.

When comparing the control

versus the composite of split dose, the survival curves
appear to be quite similar. However, in calculating the DValues

using

linear

regression

analysis,

there

were

statistical differences (p <0.05) in the slopes of the 1
and 2 h time between fractional doses (TBF) when compared
with the control and the two shorter TBF.

By regrouping

the survival plots, according to regression calculated DValues, differences in the slopes become clearer.
12

groups the survival curves for the control

dose) and samples with the 0.25 and 0.50 h TBF.
of

all

three

curves

were

similar with

no

Figure
(single

The slopes
statistical

differences among regression or total dose calculated DValues (Table 6).

Figure 13 compares the survival plots of

TBF/hours(time betveen split dose fractions)
D = D-value (linear reg.analysis)

-G- O.Ohr
.25hr
-*• 0.5hr
I.Ohr
2.0hr

D=0.50
D=0.51
D=0.50
D=0.42
D=0.41

Total Dose/kGy

Survival plots for log 9 split dose at 20°C
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1
TBF/hr
9-

(time betveen split dose fractions)
D = D-Value (linear reg. analysis)

Log (10) CFU/ml TSB

8-

7-Q- O.Ohr D=0.50
-w- .25hr D=0.51
-A- 0.5hr D=0.50

6-

5-

3-

2

-

0

1

2

3

4

5

6

Total Dose/kGy

Fig. 12

Survival plots for log 9 control and split dose
0.25 and 0.50 h at 20°C

95
Table 6.

Comparison of D-Values for Listeria monocytogenes
at 20°C
TBF,/hr

LRA], Djo

TDC D10

None

0.50d

0 •51d

0.25

0 •51d

0.53d

0.50

0 •50d

0 •46,^

1.00

0.42e

0 •43e

2.00

0 •41e

0 •43e

None

0.58f

0.55h

0.25

0.58f

0.50h

0.50

0.58f

0 •50h

1.00

0 •42g

0.45j

2.00

0.41,

0.41j

109 CFU/ml

106 CFU/ml

, TBF = time between fraction of equally split doseB.
b LRA = linear regression analysis r2 >.95

c TD = total dose/bacterial counts
Statistical differences (p <0.05) occurred between
d and e; f and g; h and j.

control sample with the 1 and 2 h TBF.

In these plots, it

is clear that the split applications were successful in
reducing the total dose necessary to reduce the bacterial
population to zero recovered.

A 1 kGy reduction in total

dose increased the slope of regression with a significant
drop in D-Values from 0.50 kGy for the control to

0.42 and

0.41 kGy in the 1 and 2 TBF samples, respectively. Similar
results were obtained using total dose calculation, Table
6.

When the numbers of surviving bacteria were presented

in a cumulative fashion for the control and each of the
split dose conditions (Figure 14) , it was apparent that the
total numbers of bacteria recovered were less with the 1
and 2 h TBF than with the control or 2 shorter TBF (0.25
and 0.50 h) . Noticeable differences occurred beginning with
the 2 kGy total dose.
103 CFU/ml,

At 2 kGy Listeria, when present at

has been shown to be highly sensitive and

unable to recover (Andrews and Grodner,
Patterson

et

L. monocytogenes

al.(1993)

reported

was

to

able

1992) . However,

that

recover

2.5

104
kGy

exponential growth after 2.5 days storage at 15°C.

CFU/g
with
It

appeared on cumulative plots, that at the 2 kGy level the
radiosensitivity of Listeria, may have been most affected
by using split dose application.

One possibility for an

increase in sensitivity with the 1 and 2 h TBF was that
this time frame allowed for the bacterium to become
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10

-

TBF/hr (time betveen split dose fractions)

9-

D m 0-Value

(linear reg. analysis)

Log (10) CFU/ml

TSB

87-

6

O.Ohr 0=0.50
-w- 1.0hr 0=0.42
-®- 2.0hr 0=0.41

-

43-

2

-

0

2

3

4

5

6

Total Dose/kGy

Fig. 13

Survival plots for log 9 control and split dose
1. 0 and 2.0 h at 20°C
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70 ■

CFU/ml TSB

013
u
□
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LOG (10)

8S
M

control
0.5 kGy
1.0 kGy
2.0 kGy
3.0 kGy
4.0 kGy
5.0 kGy

0.00

0.25

0.50

1.00

2.00

Time B etv een S p lit Dose F r a c tio n s /b

Fig. 14

Cumulative survival plots for log 9 at 20°C

actively involved in the repair and recovery of radiation
damage. Subsequently, there may have occurred a lessening
or depletion of enzymatic activity which might otherwise
block the ionization (hydroxyl radical) or toxic products
(hydrogen peroxide) produced from the indirect effects of
irradiation. Another explanation was that the bacterium was
attempting to regenerate and thus more likely susceptible
to irradiation damage. Bacteria have been shown to be most
susceptible
(Urbain,

to

irradiation

damage

during

1986; Josephson and Peterson,

al.,1955).

In

fact,

all

cells

growth

phase

1982; Kelner et

exhibit

an

inverse

relationship between resistance and level of metabolic
activity (Johns and Cunningham, 1983).
Results of the lower initial cell concentration (106
CFU/ml) at the same temperature (20°C) were similar to those
just described in the previous paragraph. Figure 15 shows
the plot of all split doses at this temperature and cell
concentration.

As indicated by the plot and subsequent

regression analysis, D-Values for the control, 0.25, and
0.50 h TBF were the same 0.58 kGy (Figure 16). D-Values for
the 1 and 2 h TBF plots, 0.42 and 0.41 kGy, respectively,
(Figure 17), under the same conditions, were significantly
(p <0.05) lower than that of the control (0.58 kGy).

Total

dose D-Value calculations gave similar results, Table 6.
The similarity of the results implied that survival plots
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TBF/hr (time betveen split dose fractions)

LOG (10) CFU/ml TSB

D = D-Value (linear reg. analysis)

—
-H-Q-W-ffi-

Total

Fig. 15

O.OBir
.2 5 h r
,5 0 h r
1 .O hr
2 .0 h r

0 = 0 .5 8
D = 0 .5 8
D = 0 .5 8
D = 0 .4 2
D =0.41

Dose/kGy

Survival plots for log 6 split dose at 20°C
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TBF/hr (time betveen split dose fractions)
9D = D-Value (linear reg. analysis)

Log

10 CFU/ml

(TSB)

8-

7-o- 0.0hr 0=0.58
.25hr 0=0.58
.50hr D=0.58

6-

5-

43-

2

-

0

2

3

4

5

6

Total Dose/kGy

Fig. 16

Survival plots for log 6 control and split dose
0.25 and 0.50 h at 20°C
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-

9-

TBF/hr (time betveen split dose fractions)
D = D-Value (linear reg. analysis)

Log (10) CFU/ml TSB
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Fig. 17

Survival plots for log 6 control and split dose
1.0 and 2.0 h at 20°C
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were linear throughout with no significant shoulders or
tails.

Cumulative plots of survivors, Figure 18, indicated

that, at 106 CFU/ml, the radiosensitivity of this bacterium
was most susceptible to changes in dose
1 and 2 kGy level.

application at the

Again, this may have been related to

the bacteriums level of metabolic activity.
2. Refrigeration Temperature (4°C)
One of the concerns, when trying to eliminate the risk
of L. monocytogenes in food processing,

is

that this

bacterium can proliferate at refrigeration temperatures
with no apparent spoilage noted by the usual methods of
proteolysis or off odors (Donnelly, 1994; Marshall, 1993).
It then becomes essential that
reduce the risk of

a process be designed to

this bacterium under refrigeration

conditions.

Using thermal blanketing and rapid processing,

commercial

irradiation facilities have the capacity to

irradiate pallets of cold stored meats and seafoods with
little change in surface temperatures

(Everett,

1994).

With low doses of radiation (<2 kGy) the probability of L.
monocytogenes recovering is high.

Patterson et al. (1993)

reported that 104 CFU/g L. monocytogenes, in minced poultry
meat, were able to recover from 2.5 kGy treatment with an
8-hour generation time at 6°C after the initial lag period
of nearly 15 days.

104

Cumulative

Leg (10)

CFU/ml TSB
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Fig. 18

Cumulative survival plots for log 6 at 20°C
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Results

of

refrigeration

using

split

temperatures

dose

were

application

similar

to

demonstrated at 20°C, but not in all cases.
Values

of control

samples

at both

at

those

When the D-

20°C and

4° C were

compared there was no significant difference

(p <0.05)

noted in the 106/ml initial cell concentrations. But at the
higher initial cell concentration of 109/ml, there was a
significant drop in D-Value from 0.50 kGy for the 20°C to
0.42 kGy in the 4° control.

This difference may possibly be

attributed to higher susceptibility of the bacterium at the
colder temperature combined with a high concentration of
cells with limited metabolic recovery possible.
there was no significant difference

That

(p >0.05) in the lower

cell concentration can be explained by the ability of the
bacterium to resist irradiation when in an environment
conducive to active recovery and regeneration.
The generation time for L.monocytogenes at 4°C, was
reported

as

approximately

13

hours

(Section

3.3b).

Therefore, it was assumed, at this temperature the effect
of

split

dose

was

metabolism.

Figure

differences

(p <0.05)

not
19

influenced
demonstrated

by
some

regeneration
significant

among split dose application and

control samples with an initial cell concentration of 109
CFU/ml TSB.

In fact, with the 0.25 and 0.50 h TBF the D-

106

TBF/hr (time betveen spilt dose fractions)

Log (10) CFU/ml TSB

D = D-Value (linear reg. analysis)

* O.Ohr D=0.42
-B- ,25hr 0=0.47
-a- -50hr D=0.51
-X- I.Ohr D=0.43
-o- 2.0hr D=0.44

Total Dose/kGy

Fig. 19

Survival plots for log 9 split dose at 4°C
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Values were significantly higher than the control (Figure
20).

This difference was not easy to explain since the 1

and 2 h TBF (Figure 21) were approximately the same as the
control.

This

finding

reduces

the

possibility

that

recovery occurred during the time between fractions of
split dose. However, it was possible that the 15

and 30

min TBF provided enough time for available enzyme recovery
systems

to reduce the levels of hydrogen peroxide and

other radiolytic products,

but not enough time for the

bacterium to go into active metabolic activity.

Test

samples at longer TBF would have also experienced the
neutralizing

effects

of

combined with

an increase

the

enzyme

systems

possibly

in metabolic activity which

balanced the radioresistance to equal the control. Another
factor to consider was the slow emission rate of the
radiation source. The time required to apply 1 kGy dose,
at the time of these experiments, was nearly 1 h.

During

the application of irradiation, the bacterium was possibly
able to use neutralizing systems and the repair mechanisms
to

counteract

the

effects

of

ionizations

and

toxic

radiolytic products.
Figure 22 shows the cumulative survivors for control
(single) and test (split) irradiation application.
graph

clearly

shows

an

increased

resistance

L.monocytogenes for the 0.25 and 0.50 h TBF.

This
of

As with the
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Fig. 20

Survival plots for log 9 control and split dose
0.25 and 0.50 h at 4°C
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Fig. 21

Survival plots for log 9 control and split dose
1.0 and 2.0 h at 4°C
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Cumulative survival plots for log 9 at 4°C

Ill
ambient temperature experiments,

the

longer split dose

fractions (1 and 2 h) indicated less bacterial resistance
to irradiation than did the shorter time between fractions
(0.25 and 0.50 h) especially with the higher initial cell
concentration of 109 CFU/ml TSB. When using the total dose
(TD) method to calculate D-Values, these differences were
even more pronounced but with the same statistical results,
Table 7.
When the initial cell concentration was 106 CFU/ml, a
pattern similar to the warmer temperature was seen (Figure
23) .

Figure 24 illustrates that the control samples and

the 0.25 and 0.50 h TBF samples were not significantly
different

(p >0.05).

Whereas, with the 1 and 2 h TBF,

there was a drop in D-Values based on the inability of the
bacterium to recover from a 3 kGy dose (Figure 25).

Upon

examining the cumulative dose plot, Figure 26, an increase
in sensitivity of the bacterium can be seen with the 1 and
2 kGy total dose for TBFs of 1 or 2 h when compared among
the control and other split doses. The D-Values calculated
by the two different methods gave similar results but with
the TD method, the D-Values were somewhat lower than those
calculated from the linear portion of the survival curve.
Table 7 shows the pattern of differences in the split dose
D-Values was the same but more obvious.
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Table 7.

Comparison of D-Values for Listeria monocytogenes
at 4°C
TBF,/hr

LRAh D10

TDC D10

None

0 •42d

0 •43d

0.25

0.47e,d

0.50e

0.50

0.51„

0 •53e

1.00

0.43d

0 •43d

2.00

0.44d

0 •43d

None

0.62f

0.57h

0.25

0.62f

0 •57h

0.50

0 *59f,g

0.57h

1.00

0.58g

0.49j

2.00

0 •57g

0.47j

109 CFU/ml

106 CFU/ml

, TBF = time between fraction of equally split doses.
b LRA = linear regression analysis r2 >.95
c TD = total dose/bacterial counts
Statistically Significant Differences(p <0.05)
Exist
between d and e; f and g; h and
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Fig. 23

Survival plots for log 6 split dose at 4°C
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Fig. 24

Survival plots for log 6 control and split dose
0.25 and 0.50 h at 4°C
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Fig. 25

Survival plots for log 6 control and split dose
1.0 and 2.0 h at 4°C
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Cumulative survival plots for log 6 at 4°C
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3. Frozen Temperature (-80°C)
It has been suggested (Urbain,

1986; Josephson and

Peterson, 1982) that the ideal temperature for irradiation
of foods packaged for frozen commercial sale is <-2 0°C.

At

frozen temperatures there is less chance of causing changes
in the sensory quality of foods such as oxidation effects
on lipids.

In these experiments, -80°C was used as the

freezing temperature of choice due to time required to
complete the desired irradiation exposure.

Test samples

were initially irradiated at -20°C resulting in thawing to
above

0°C before completion of

>2 kGy irradiation.

A

problem with using freezing temperatures for irradiation
has been that bacteria tend to be less sensitive to the
effects of irradiation since indirect effects are minimal
(Urbain,

1986; Josephson and Peterson,

1983).

Specifically,

Listeria

1982; Silverman,

monocytogenes

has

been

reported to be very resistant to irradiation processing in
frozen mozzarella
al.,1989).

cheese

and

ice

cream

(Hashisaka

et

In this study, L. monocytogenes was inoculated

at 10s CFU/g and irradiated at -78°C.
for the cheese and ice cream

The D-Values reported

were

1.4 and 2.0 kGy,

respectively.
Based on calculations by linear regression, results of
the 109 initial cell concentration showed differences in DValue between the control and

the different split doses

except for the 1 h TBF (Figure 27,28) which was the same at
0.42 kGy. D-Values for the other TBF samples were higher
than the control (Figure 29), which indicated that, during
these split doses, resistance of the bacterium was slightly
increased (Figure 29).

In looking at the cumulative data

in Figure 30, there appeared to be little difference among
the split applications at the different total dosages.

D-

Value calculations by the total dose method indicated that
there were significant differences (p <0.05) between the
control sample and the 0.25,0.50, and 2.00 h TBF samples.
That differences occurred, based on the method of D-Value
calculation, may be explained by the slight tailing seen on
the survival plots from a few resistant bacteria in the
0.25, 0.50, and 2.00 h TBF.
the

indirect

formation

of

effects

of

radiolytic

Under freezing conditions,
irradiation

by

products)

(ionizations
are

and

minimized.

Freezing limits and causes erratic migration of formed ions
and other possibly toxic products, thus offering a somewhat
protective effect to bacterial cells (Silverman, 1982).

L.

monocytogenes, at -80°C and in stationary phase, showed the
same sensitivity to irradiation as was seen at 4°C.

The

same response at these two temperatures possibly indicated
that there were minimal indirect effects of irradiation at
both temperatures and that unlike the 20°C the bacterium was
unable to recover from sublethal radiation exposure.
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Fig. 27

Survival plots for log 9 split dose at -80°C
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Fig. 28

Survival plots for log 9 control and split dose
1.0 h at —80°C
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Fig. 29

Survival plots for log 9 control and split dose
0.25, 0.50, and 2.0 h at -80°C
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Fig. 30

Cumulative survival plots for log 9 at -80°C

The

D-Value

results

of

the

106

initial

cell

concentration were somewhat less consistent than with the
previous temperatures and cell concentration.

D-Values

calculated from regression analysis were lower than those
based on the total dose method.

The appearance of a

significant tail occurred in the survival plots of all 106
samples

including the control.

The skews,

Figure 31,

appeared in the >2 kGy exposures indicating the ability of
the some bacteria to recover from 4 kGy (0.25 h TBF). The
D-Values,

in

Figures

statistically different

(p >0.05)

calculated

presented

using

regression

32

and

33,

were

not

among treatments when

analysis.

However,

the

cumulative graph of survivors, Figure 34, indicated a more
erratic response occurred among the various fractional when
the total dose exceeded 1 kGy.
the

This graph suggests that

ability of this bacterium to recover from 4 kGy

exposure when the 2 kGy split fractions were administered
0.25 h apart.

When the total dose method was used to

calculate bacterial resistance, D-Values were significantly
higher, Table 8.

It appeared that the bacterium was much

more resistant at -8 0°C, after being placed into fresh
media, and at a lower cell concentration (106 CFU/ml) than
under any other conditions tested.

D-Values for control

and the 1 and 2 h TBF were lower than those at 0.25 and
0.50 h TBF.

This pattern was also demonstrated with 109
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Fig. 31

Survival plots for log 6 split dose at -80°C
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Fig. 32

Survival plots for log 6 control and split dose
0.25, 0.50, and 1.0 h at -80°C
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Fig. 33

Survival plots for log 6 control and split dose
2.0 h at -80°C
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Cumulative survival plots for log 6 at -80°C
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Table 8.

Comparison of D-Values for Listeria monocytogenes
at -80°C
TBF,/hr

LRAt, Djo

TDC Dio

None

0.42d

0 •41d

0.25

0 •49e

0.51e

0.50

0.46d>e

0.51e

1.00

0 •42d

0 •41d

2.00

0 •45d

0 •48e

None

0.4 3f

0 •61h

0.25

0.41f

0.79j

0.50

0.42f

0.67h

1.00

0.43f

0.61h

2.00

0.45f

0.58h

109 CFU/ml

106 CFU/ml

, TBF = time between fraction of equally split doses.
b LRA = linear regression analysis r2 >.95

c TD = total dose/bacterial counts
Statistical differences (p <0.05) occurred between
d and e; h and j,* but not f.
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CFU/ml samples. The tailing effect of the frozen samples
was likely due to a few cells

managing to escape the path

of photons due to limited secondary or indirect effects.
With

limited

assumed

migration

that

the

of

ionization

majority

of

products

bacterial

occurred due to direct multiple hits.

it

was

deactivation

With the tailing

effect,

there were actually two linear portions of the

curve.

This has been reported in other studies

with

an

adequate

explanation

phenomenon (Silverman, 1983).
the

same

author

that

the

as

to

the

but not

cause

of

the

It has been suggested, by

cells

surviving

the

higher

irradiation doses may represent a more resistant mutant
than

the

normal

population.

Huhtanen

et

al.(1989)

investigated this possibility by culturing the resistant
Listeria cell population in his experiments and repeated
the

irradiation

increase

process.

in resistance was

population.

These

authors

exhibited

reported

by the

new

no

cell

It appeared that the tailing exhibited in the

present experiment was likely due to some bacteria escaping
the target line or trail of ionization.
4.4 Conclusion
Statistical

differences

radioresistance of L.

occurred

monocytogenes due

to

in

split dose

application

among each of the test conditions.

differences,

however,

appeared

to

be

the

academic

These
as

the
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differences that occurred among test conditions was more
pronounced.

From an irradiation processors point of view,

it is important to know that in the event of a brief shut
down

(up

to

2

hours)

of

an

ongoing

process,

little

adjustment (if any) in exposure time would be necessary to
complete the process as prescribed.

There are situations

in an irradiation facility when the radiation source is
shielded and process temporarily halted.

As long as the

product remains in the plant, it is legal to resume and
complete the process as prescribed (Everett, 1994). It is
not legal, however, to apply a dose, ship a product out of
the plant, and return the product to the plant for further
processing.
Better understanding of the mechanisms involved in
bacterial
explored.

resistance
Biochemical

to radiation
activities,

exposure
enzyme

need to
and

be

growth

metabolites, that may have occurred in these or similar
experiments should be tested.

This type of testing may be

possible when using a higher output from the radiation
source and under a more controlled environment such as self
contained machine sources available today.

CHAPTER 5
SUMMARY
5.1 Summary
Surveys for incidence of L.monocytogenes have reported
this bacterium to occur in 5-20 % of food products tested
(milk, meat, vegetables, seafood, etc.)-

When present in

foods, the numbers have been below 104 CFU/ml(g) of product.
At this concentration, L.monocytogenes has proved to be
highly sensitive to low dose gamma radiation

(<3 kGy) .

However, due to the ability of Listeria spp. to grow at
temperatures as low as 0°C, it is possible that growth could
occur during refrigerated storage.
not

necessarily

product

even

cause

if

the

apparent
numbers

Listeria growth would
spoilage

exceeded

of the

104 CFU/g

food
food.

Therefore, it is imperative that this bacterium be reduced
to the list number possible to ensure consumer safety.
At

cell

concentrations

of

>103

CFU/ml (g),

the

bacterium has demonstrated the ability to recover from
sublethal damage when exposed to radiation doses below 3
kGy.

In processed products most likely to contain L.

monocytogenes

(meats,

seafood,

and

milk),

however

irradiation doses exceeding 3 kGy are not likely to be
approved by the United States Food and Drug Administration
(USFDA,1994).
Split dose irradiation application was thus used in an
131

attempt

to

identify

a

method

to

radiosensitivity of this bacterium.

increase

the

In this and other

studies, the radiosensitivity of Listeria was determined by
D-Values calculated from survival curves under variable
conditions.

At the highest cell concentration tested, 109

CFU/ml, the bacterium demonstrated D-Values >0.50 kGy when
irradiated at ambient temperatures.

However, there was a

20% reduction in D-Value for these cells when irradiation
occurred at 4 and -80°C. L .monocytogenes was more resistant
at 20°C

due likely to the ability of the bacterium to

recoverfrom sublethal damage, thus
of secondary radiolytic products.

reducing the

effects

At cell concentrations

of 106 CFU/ml, the results from linear regression analysis
demonstrated the bacterium's ability to resist irradiation
at both 4 and 20°C. When the tailing effect of the -80°C
survival curve was considered, the bacterium demonstrated
the same resistance for all three temperatures (20°, 4°, and
-80°C) .

Increased resistance

temperatures,

was

possibly

at 106 CFU/ml,
due

to

reduced

at

all

direct

irradiation effects combined with cellular suspension in
fresh media providing metabolites and thus increasing the
ability of the bacterium to neutralize secondary radiolytic
products.

Irradiation resistance has been shown to be

inversely related to the level of metabolic activity as
when cells are in logarithmic growth.

Thus, it is certain
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that many factors contributed to the radioresistance of L.
monocytogenes in these experiments.
In

split

dose

monocytogenes
warranted.

experiments

shows
When

that

split

irradiation temperature,

the

further
dose

was

response

of

L.

experimentation

is

considered

at

the most significant

occurred at ambient temperature.

each

results

For both 106 and 109 cell

concentrations there was a significant drop in D-Value for
the 1 and 2 h split time between fractions
compared with the control or

(TBF) when

either of the shorter split

times between fractions (15 and 30 min) .

This may have

been the result of the bacterium becoming metabolically
active since Listeria's generation time at this temperature
was 1.67 h.

At 4°C, the results were inconclusive.

None of

the split time between fractions (TBF) studied were close
to

the

bacterium's

temperature.
Value

13

h

increased.

for

this

30 min TBF for the higher cell

concentration of 109 CFU/ml.
trend

time

In fact, there was a marked increase in D~

for the 15 and

slight

generation

toward

With 106 CFU/ml, there was a

reduction

of

D-Value

as

the

TBF

Finally, at -80°C the results were inconsistent.

This inconsistency may have been a factor of the randomness
of

the

direct

temperature.
direct

effect

effects

of

radiation

damage

at

this

Most of the damage may be attributed to
to

cellular

activities

since

limited
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migration of secondary radiolytic products occurs under
freezing temperatures.
The use of multiple (2 or more) dose application of
irradiation may occur in an irradiation facility due to
plant operating procedures or due to brief plant shut down.
The

fact that multiple

dose

process was

at

least

as

efficient as single dose application in these experiments,
demonstrates

to

the

irradiation

processor

that

brief

interruptions in plant operation would not adversely affect
the desired outcome.
5.2 Future Research
Listeria
methods

to

monocytogenes

an extent

challenges

food

processing

not previously encountered

vegetative food borne pathogenic bacteria.

by

a

Not only has it

proved resistant to traditional thermal processing methods
of heat

and cold,

but

it is

extremes in pH and salinity.
experiments,

this

bacterium

also highly

tolerant

of

In this and other irradiation
has

proved

to

be

highly

resistant challenging the irradiation process limit for
approval by the United States Food and Drug Administration
and

the limit of sensory quality demanded by the American

consumer.

New methods for limiting or reducing the risk of

L.monocytogenes in our food supply must be explored and
developed.
Reducing the risk of food borne disease in the world's

food supply is the charge of food microbiologists and
sanitarians.
combination

Extension
processes

of
may

research
provide

into

methods

areas

of

capable

of

meeting the challenges by Listeria and other food borne
pathogens.

Irradiation

treatment,

organic

bacteriocins,

methods

acids,

combined
modified

with

thermal

atmospheres,

and/or other preservation chemicals could

provide the needed answers.

REFERENCES
Ahamad, N. and Marth, E.H. 1989. Behavior of Listeria
monocytogenes at 7, 13, 21, and 35 C in
tryptose broth acidified with acetic, citric,
or lactic acid. J. Food Prot. 52(10):688-695.
Alper, T. 1979.. Variation in radiation response with
growth phase or cell cycle stage. In: Cellular
Radiobiology. Cambridge: Cambridge University
Press, pp. 146-163.
Alper, T. 1979b. Dose fractionation and dose rate. In:
Cellular Radiobiology. Cambridge: Cambridge
University Press, pp. 164-177.
Anderson, A.W. 1983. Irradiation in The Processing of
Food. In: Food Microbiology, ed. Rose, A.H.
London: Academic Press, pp. 145-169.
Andrews, L.S. and Grodner, R.M. 1992. Gamma irradiation
of Listeria monocytogenes in crayfish
Procambarus clarkii tail meat. Trop.& Subtrop.
Fish. Tech. Soc. Amer. 17:118-122.
Anellis, A., Rowley, D.B., and Ross, E.W. Jr.
1973. Microbiological safety of radappertized
beef. J. Food Prot. 42 (12)-.927-932.
ASTM, 1994 DRAFT: Standard guide for irradiation of
finfish and shellfish to control pathogens and
spoilage microorganisms. Analytical Standard
Testing Materials Technical Committee. Phil.
PA.
Berry, T.M., Park, D.L. and Lightner, D.V.
1994. Comparison of the microbial quality of
raw shrimp from China, Ecuador, or Mexico at
both wholesale and retail levels. J. Food Prot.
57(2) -.150-153.
Bille, J., Catimel, B., Bannerman, E., Jacquet, C.,
Yersin, M-N, Caniaux, I., Monget, D. and
Rocourt, J. 1992. API Listeria, a new and
promising one-day system to identify Listeria
isolates. Appl. Environ. Microbiol.
58(6):1857-1860.

136

137
Boyle, D.L., Sofos, J.N. and Schmidt, G.R. 1990. Thermal
destruction of Listeria monocytogenes in a meat
slurry and in ground beef. J. Food Sci.
55(2):327-329.
Brackett, R.E. 1988. Presence and persistence of Listeria
monocytogenes in food and water. Food Technol.
42(4):162-165.
Bradshaw, J.G., Peeler, J.T., Corwin, J.J., Hunt, J.M.,
Tierney, J.T., Larkin, E.P. and Twedt, R.M.
1985. Thermal resistance of Listeria
monocytogenes in milk. J. Food Prot.48(9):743745.
Bridges, B.A. and Horne, T. 1959. The influence of
environmental factors on the microbicidal
effect of ionising radiations. J. Appl. Bact.
22(1):96-115.
Broome, C.V., Ciesielski, C.A., Linnan, M.J. and
Hightower, A.W. 1986. Listeriosis in the United
States. J. Food Prot. 49(10):848.
Bruns, M.A. and Maxcy, R.B. 1979. Effect of irradiation
temperature and drying on survival of highly
radiation-resistant bacteria in complex
menstrua. J. Food Sci. 44:1743-1746.
Destro, M. T., de Melo Serrano, A. and Kabuki, D.Y. 1991.
Isolation of Listeria species from some
Brazilian meat and dairy products. Food Control
4:110-112.
Dewey, D.L. 1969. An oxygen-dependent X-ray dose-rate
effect in Serratia marcescens. Radia. Res.
38:467-474.
Dewey, D.L. and Boag, J.W. 1959. Modification of the
oxygen effect when bacteria are given large
pulses of radiation. Nature 183:1450-1451.
Difco. 1984. Difco Manual. Detroit:Difco Laboratories,
Ed. 10 pp. 520-521.
Donnelly, C.W. Listeria monocytogenes. In: Foodborne
Disease Handbook. Vol I, Disease caused by
bacteria, ed. Hui, Y.H., Gorham, J.R., Murrell,
K.D. and Cliver, D.O. New York: Marcek Dekker,
Inc., 1994, p. 215-252.

138
Donnelly, C.W., Briggs, E.H. and Baigent, G.J. 1986.
Analysis of raw milk for the epidemic serotype
of L. monocytogenes linked to an outbreak of
Listeriosis in California. J. Food Prot.
49(10):84 6-847.
Donnelly, C.W. and Briggs, W.H. 1986. Psychrotrophic
growth and thermal inactivation of Listeria
monocytogenes as a function of milk
composition. J. Food Prot. 49(12):994-998.
Dorsa, W.J. 1993. Personal Communication. Louisiana State
University, Department of Food Science.
Dorsa, W.J., Marshall, D.L., Moody, M.W. and Hackney,
C.R. 1993. Low temperature growth and thermal
inactivation of Listeria monocytogenes in
precooked crawfish tail meat. J. Food Prot.
56(2) .*106-109.
Doyle, M.P. 1988. Effect of environmental and processing
conditions on Listeria monocytogenes. Food
Technol. 42 (4):169-171.
Duggan, D.E., Anderson, A.W. and Elliker, P.R. 1963.
Inactivation of the radiation-resistant
spoilage bacterium Micrococcus radiodurans.
Appl. Microbiol. 11:413-417.
Epp, E.R., Weiss, F. and Santomasso, A. 1968. The oxygen
effect in bacterial cells irradiated with high
-intensity pulsed electrons. Radia. Res.
34:320-325.
Everett, H. 1994. Personal Communication, Executive Vice
President, Food Technology Services, Inc.
FAO/IAEA/WHO. 1977. Wholesomeness of irradiated food.
Report of a joint FAO/IAEA/WHO expert
committee.
FAO/IAEA/WHO. 1981. Wholesomeness of irradiated food,
Technical Report Series 659, Geneva:World
Health Organization, 1981. pp. 1-34.
Farag, M.H., Shamsuzzaman, K. and Borsa, J. 1990.
Radiation sensitivity of Listeria monocytogenes
in phosphate buffer, trypticase soy broth, and
poultry feed. J. Food Prot. 53(8):648-651.

139
Farber, J.M. 1991. Listeria monocytogenes in fish
products. J. Food Prot. 54 (12):922-924.
Farber, J.M. 1993. Current research on Listeria
monocytogenes in foods: an overview. J. Food
Prot. 56(7):640-643.
Farber, J.M., Carter, A.O., Varughese, P.V., Ashton, F.E.
and Ewan, E.P. 1990. Listeriosis traced to the
consumption of alfalfa tablets and soft cheese.
New Eng. J. of Medicine 319:338.
Farber, J.M. and Peterkin, P.I. 1991. Listeria
monocytogenes, a food-borne pathogen.
Microbiol. Rev. 9:476-511.
Farber, J.M., Tittiger, F. and Gour, L. 1988.
Surveillance of raw fermented (dry-cured)
sausages for the presence of Listeria spp. Can.
Inst. Food Sci. Technol. J. 21(4):430-434.
FCN.

1993. Food illness estimated costing billions. Food
Chem. News 35(37).

FSIS. 1992. Irradiation of Poultry Products; Proposed
Rule by Food Safety and Inspection
Service(FSIS). Fed. Reg. 57(68):19460-19467.
Gecan, J.S., Bandler, R. and Staruszkiewicz, W.F. 1994.
Fresh and frozen shrimp: a profile of filth,
microbiological contamination, and
decomposition. J. Food Prot. 57(2):154-158.
Glass, K.A. and Doyle, M.P. 1989. Fate of Listeria
monocytogenes in processed meat products during
refrigerated storage. Appl. Environ. Microbiol.
55(6):1565-1569.
Glass, K.A. and Doyle, M.P. 1989. Fate and thermal
inactivation of Listeria monocytogenes in
beaker sausage and pepperoni. J. Food Prot.
52 (4):226—231.
Golnazarian, C.A., Donnelly, C.W., Pintauro, S.J. and
Howard, D.B. 1989. Comparison of infectious
dose of Listeria monocytogenes F5817 as
determined for normal versus compromised
C57B1/6J mice. J. Food Prot. 52(10):696-701.

140
Grant, I.R., Nixon, C.R. and Patterson, M.F. 1993.
Comparison of the growth of Listeria
monocytogenes in unirradiated and irradiated
cook-chill roast beef and gravy at
refrigeration temperatures. Lets. Appl.
Microbiol. 17:55-57.
Gray, M.L. and Killinger, A.H. 1966. Listeria
monocytogenes and listeric infections.
Bacteriol. Revs. 30(2):309-382.
Grodner, R.M. 1992. Personal Communication. Department of
Food Science, Louisiana State University.
Grodner, R.M. and Andrews, L.S. 1991. Irradiation. In:
Microbiology of Marine Food Products, ed. Ward,
D.R. and Hackney, C. New York: Van Nostrand
Reinhold. pp. 429-440.
Grodner, R.M. and Gutierrez-de-Zubiaurre, M.B. 1992. Low
dose gamma irradiation of Plesiomonas
shigelloides in Louisiana Rangia clams(Rangia
cuneata). Trop. & Subtrop. Fish. Tech. Soc.
Amer. 17:111-116.
Hackwood, S. 1994. An introduction to the irradiation
processing of foods. In: Food Irradiation, ed.
Thorne. S. Elsevier Applied Science.
Harwig, J., Mayers, P.R., Brown, B. and Farber, J.M.
1991. Listeria monocytogenes in foods. Food
Contrl. 4:66-69.
Hashisaka, A.E., Weagant, S.D. and Dong, F.M.
1989. Survival of Listeria monocytogenes in
mozzarella cheese and ice cream exposed to
gamma irradiation. J. Food Prot. 52(7):490-492.
Hayashi, T. 1991. Comparative effectiveness of
gamma-rays and electron beams in food
irradiation. In: Food Irradiation, ed. Thorne.
S. London: Elsevier Applied Science, pp.
169-206.
Haynes, J.W. and Smith, J.W. 1993. Sterilizing boll
weevils with nine fractionated irradiation
doses:Selecting an optimum total treatment. J.
Agr. Entomol. 10(2):83-95.

141
Huhtanen, C.N., Jenkins, R.K. and Thayer, D.W. 1989.
Gamma radiation sensitivity of Listeria
monocytogenes. J. Food Prot. 52 (9):610-613.
IFT. 1983. Radiation preservation of foods. IFT Expert
Panel. Food Technol. 1:1-4.
Johns, H.E. and Cunningham, J.R. 1983. Measurement of
Radiation. In: The Physics of Radiobiology.
Springfield: Charles C. Thomas, p. 290-335.
Johns, H.E. and Cunningham, J.R. 1983. Radiobiology. In:
The Physics of Radiology. Springfield: Charles
C. Thomas, p. 67 0-718.
Johnson, J.L., Doyle, M.P. and Cassens, R.G. 1990.
Incidence of Listeria spp. in retail meat
roasts. J. Food Sci. 55(2):572-574.
Johnson, J.L., Doyle, M.P. and Cassens, R.G. 1990.
Listeria monocytogenes and other Listeria spp.
in meat and meat products. J. Food Prot.
53(1):81-91.
Johnston, M.A., Loit, A., Purvis, U. and Farber, J. 1986.
Surveillance of soft and semi-soft cheese for
Listeria. J. Food Prot. 49(10):847.
Josephson, E.S. and Peterson, M.S. 1982. Preservation of
Food by Ionizing Radiation, Vol I,II,III, Boca
Raton, FL:CRC Press, Inc.
Juneau, B.P. 1989. The effect of low dose gamma
irradiation on Listeria monocytogenes found in
blue crab (Callinectes sapidus) and crayfish
(Procambarus clarkii).
Masters Thesis:1-57,
Kelner, A., Bellamy, W.D., Stapleton, G.E., and
Zelle, M.R. 1955. Symposium on radiation
effects on cells and bacteria. Bacteriol. Revs.
19(1):22-43.
Kerr, K.G., Birkenhead, D., Seale, K., Major, J. and
Hawkey, P.M. 1993. Prevalence of Listeria spp.
on the hands of food workers. J. Food Prot.
56(6):525-527.

142
Kerr, K.G., Rotowa, N.A., Hawkey, P.M. and Lacey R.W.
1990. Incidence of Listeria spp. in pre-cooked,
chilled chicken products as determined by
culture and enzyme-linked immunoassay(ELISA).
J. Food Prot. 53 (7) .*606-608.
Lewis, S.J. and Corry, J.E.L. 1991. Survey of the
incidence of Listeria monocytogenes and other
Listeria spp. in experimentally irradiated and
in matched unirradiated raw chickens. Int. J.
Food Microbiol. 12:257-262.
Liewen, M.B. and Plautz, M.W. 1988. Occurrence of
Listeria monocytogenes in raw milk in Nebraska.
J. Food Prot. 51(11):840-841.
Liston, J. and Matches, J.R. 1968. Single and multiple
doses in the radiation pasteurization of
seafood. Food Technol. 22:81-84.
Lovett, J. 1988. Isolation and enumeration of Listeria
monocytogenes. Food Technol. 4:172-175.
Ma, K. and Maxcy, R.B. 1981. Factors influencing
radiation resistance of vegetative bacteria and
spores associated with radappertization of
meat. J. Food Sci. 46:612-616.
Marshall, D.L. 1993. Personal communication. Department
of Food science, Louisiana State University.
Marshall, D.L. and Schmidt, R.H. 1988. Growth of Listeria
monocytogenes at 10°C in milk preincubated with
selected Pseudomonads. J. Food Prot.
51:277-282.
Marth, E.H. 1988. Disease characteristics of Listeria
monocytogenes. Food Technol. 42(4): 165-168.
Matsuyama, A., Thornley, M.J. and Ingram, M. 1964. The
effect of freezing on the radiation sensitivity
of bacterial spores. J. Appl. Bact.
27(1) .*125-133.
McClain, D. and Lee, W.H. 1989. FSIS method for the
isolation and identification of Listeria
monocytogenes from processed meat and poultry
products. U.S. Department of Agriculture, Food
Safety Inspection Service Microbiology Division
Laboratory Communication No.57.

143
Mead, G.C., Hudson, W.R., and Ariffin,R. 1990. Survival
and growth of Listeria monocytogenes on
irradiated poultry carcasses. Lance 1:10361037.
Messer, J.W., Peeler, J.T. and Gilchrist, J.E. 1984.
Aerobic Plate Count. In: Bacteriological
Analytical Manual of the Division of
Microbiology. Center for Food Safety and
Applied Nutrition, ed. U.S.FDA, Arlington:
AOAC, pp. 4.01-4.10.
Motes, M.L.Jr. 1991. Incidence of Listeria spp. in
shrimp, oysters, and estuarine waters. J. Food
Prot. 54(3) -.170-173.
Murray, E.G.D., Webb, R.A. and Swann, M.B.R. 1926. A
disease of rabbits characterized by large
mononuclear leucocytosis, caused by a hitherto
undescribed bacillus Bacterium monocytogenes
(n.sp.). J. Pathol. Bacteriol. 29:407-439.
Papageorgiou, D.K and Marth, E.H. 1989. Behavior of
Listeria monocytogenes at 4° and 22° C in whey
and skim milk containing 6 or 12% sodium
chloride. J. Food Prot. 52(9):625-630.
Patterson, M. 1989. Sensitivity of Listeria monocytogenes
to irradiation on poultry meat and in
phosphate-buffered saline. Lets. Appl.
Microbiol. 8:181-184.
Patterson, M.F., Darnoglou, A.P. and Buick, R.K. 1993.
Effects of irradiation dose and storage
temperature on the growth of Listeria
monocytogenes on poultry meat. Food Microbiol.
10:197-203.
Pirie, J.H.H. 1940. Listeria: Change of name for a genus
of bacteria. Nature 145:264.
Powers, E.L. and Boag, J.W. 1959. The role of dose rate
and oxygen tension in the oxygen effect in dry
bacterial spores. Radia. Res. 11:461.
Poysky, F.T., Paranjpye, R.N., Lashbrook, L.C., Peterson,
M.E., Pelroy, G.A. and Eklund, M.W. 1993.
Selective and differential medium for isolation
of Listeria monocytogenes from foods. J. Food
Prot. 56(4):326-329.

Radomyski, T., Murano, E.A., Olson, D.G. and Murano, P.
1994. Elimination of pathogens of significance
in food by low-dose irradiation: A review. J.
Food Prot. 57(1):73-86.
Ryser, E.T. and Marth, E.H. 1987. Behavior of Listeria
monocytogenes during the manufacture and
ripening of Cheddar cheese. J. Food Prot.
50(1):7-13.
SAS. 1987. SAS User’s Guide:Statistics. Cary,NC:SAS
Institute, Inc., Ed. 6.
Satin, M. 1993. Food Irradiation. Lancaster:Technomic
Publishing Co.Inc., pp. 1-182.
Schlech, W.F., Mulder,R.W., Lavigne, P.M., Bortolussi,
R.A., Allen, A.C., Haldane, E.V., Wort, A.J.,
Hightower, A.W., Johnson, S.E., King, S.H.,
Nicholls, E.S. and Broome, C.V. 1992. Epidemic
Listeriosis-Evidence for transmission by food.
Med. Intell. 308 (4):203-206.
Shamsuzzaman, K., Chuaqui-Offermanns, N., Lucht, L.,
McDougall, T. and Borsa, J. 1992.
Microbiological and other characteristics of
chicken breast meat following electron-beam
and sous-vide treatments. J. Food Prot.
55(7):528-533.
Silverman, G.J. 1983. Sterilization by Ionizing
Irradiation. In: Disinfection, Sterilization,
and Preservation, ed. Block, S.S Philadelphia:
Lea & Febiger, pp. 89-105.
Slade, P.J., Collins-Thompson, D.L. and Fletcher, F.
1988. Incidence of Listeria species in Ontario
raw milk. Can. Inst. Food Sci. Technol. J.
21(4):425-429.
Sorrells, D.M., Enigl, D.C. and Hatfield, J.R.
1989. Effect of pH, acidulant, time, and
temperature on the growth and survival of
Listeria monocytogenes. J. Food Prot.
52(8):571-573.

145
Sparrow, A.H., Underbink, A.G. and Sparrow, R.C. 1967.
Chromosomes and cellular radiosensitivity. I.
The relationship of Do to chromosome volume and
complexity in seventy-nine different organisms.
Radia. Res. 32:915.
Stapleton, G.E. and Hollaender, A. 1952. Mechanism of
lethal and mutagenic action of ionizing
radiations on Aspergillis terreus. II Use of
modifying agents and conditions. J. Cellular
Comp. Physiol. 39:101-113.
Thornley, M.J. 1963. Radiation resistance among bacteria.
J. Appl. Bact. 26:334-343.
Urbain, W.M. 1986. Food Irradiation.
Inc., Orlando, pp. 1-351.

Academic Press,

Urbain, W.M. 1989. Food irradiation: the past fifty years
as prologue to tomorrow. Food Technol. 43:6-92.
USFDA. 1993. Code of Federal Regulations, Food and Drugs.
Office of the Federal Register. 21:170-199.
USFDA. 1994. Personal communication, Office of Seafood,
Washington D.C.
Varabioff, Y. Mitchell,G.E., and Nottingham, S.M. 1992.
Effects of irradiation on bacterial load and
Listeria monocytogenes in raw chicken. J. Food
Prot. 55(5):389-391.
Warburton, D.W., Farber, J.M., Armstrong, A., Caldeira,
R., Tiwari, N.P., Babiuk, T., Lacasse, P. and
Read, S. 1991. A Canadian comparative study of
modified versions of the "FDA" and "USDA"
methods for the detection of Listeria
monocytogenes. J. Food Prot. 54:669-676.
Weagant, S.D, Sado, P.N., Colburn, K.G., Torkelson, J.D.,
Stanley, F.A., Krane, M.H., Shields, S.C. and
Thayer, C.F. 1988. The incidence of Listeria
species in frozen seafood products. J. Food
Prot. 51(8):655-657.
Zaika, L.L., Palumbo, S.A., Smith, J.L., Corral, F.D.,
Bhaduri, S., Jones, C.O. and Kim, A.H. 1990.
Destruction of Listeria monocytogenes during
frankfurter processing. J. Food Prot.
53(1):18-21.

VITA
Linda Sue Warfel Andrews was born in the District of
Columbia, January 8, 1943.

She has lived in many regions

of the United States from Florida to Washington State.
After graduating from Wm. R. Boone High in Orlando, 1961,
she attended The Florida State University and graduated in
1965 with a Bachelor of Arts

in Medical

Technology.

Medical Technology practical work was completed at Piedmont
Hospital in Atlanta, Georgia.

Linda held several clinical

microbiology positions from June 1966 through January 1978.
At that time she began attending graduate school at the
University

of

Virginia

to

Certification for Sciences.
after

completing

the

achieve

Secondary

Teaching

This goal was achieved in 1981

Certification

program

offered

at

Georgia State University and teaching biology and chemistry
in Fairfax, Virginia.

Upon moving to the Baton Rouge area

she taught clinical laboratory sciences for a local medical
assistant certification program.
In august of 1986, Linda began to pursue a graduate
degree in the Department of Food Science at Louisiana State
University achieving a Master of Science Degree in May of
1988.

Following this, she began working as a

Associate in the Department of Food Science.

Research

In the fall

of 1989, she began working part time toward her Doctoral
Degree and is a candidate for that degree.
146

DOCTORAL EXAMINATION AND DISSERTATION REPORT

Candidate:

Linda S. Andrews

Major Field:

Food Science

Title of Dissertation:
Effect of Temperature, Cell Concentration, and Split Dose Gamma Radiation
on the Radiosensitivity of Listeria monocytogenes

Approved:

$XMajor
uSl f
yy
Professor and Chairman
ean of the Graduate School

EXAMINING COMMITTEE:

\a.Ci!

Date of Examination:
October 14,

1994

^h\ j C y fMb

~~y

